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Executive  Summary 

Our  ability  to  optimize  the  performance  of  civil  and  military  aircraft  is  limited  by  the  current 
understanding  of  complex  turbulent  processes.  Progress  in  turbulence  modeling  and  simulation  has 
been  hampered  by  the  lack  of  well  documented,  systematically  verified,  experimental  and  numerical 
data  bases  of  relatively  simple  building  block  Hows  for  the  validation  of  computational  methods. 

The  two  basic  ways  of  computing  turbulence  have  traditionally  been  direct  numerical  simulation  (DNS) 
and  Reynolds-averaged  (RANS)  modelling.  In  the  former,  the  full,  time-dependent.  Navier-Stokes 
equations  are  solved  numerically,  essentially  without  approximations.  The  results  are  equivalent  to 
experimental  ones.  In  the  latter,  only  the  stationary  mean  flow  is  computed,  and  the  effect  of  the 
unsteady  turbulent  velocity  fluctuations  is  modelled  according  to  a  variety  of  physical  approximations. 
It  was  realized  early  that  direct  numerical  simulations  were  too  expensive  for  most  cases  of  industrial 
interest,  while  Reynolds-averaged  modelling  was  too  dependent  on  the  characteristics  of  particular 
Hows  to  be  used  as  a  method  of  general  applicability. 

Large-eddy  simulations  (LES)  were  developed  as  an  intermediate  approximation  between  these  two 
approaches,  the  general  idea  being  that  the  large,  non-uni versal.  scales  of  the  flow  were  to  be  computed 
explicitly,  as  in  DNS,  while  the  small  scales  were  modelled.  The  hope  was  that  the  small  scales,  which 
arc  removed  from  the  flow  inhomogeneities  and  particular  boundary  conditions  by  several  steps  of  the 
turb"lent  cascade,  would  be  universal  (independent  of  the  particular  flow)  and  isotropic  enough  for  a 
single  simple  model  to  be  able  to  represent  them  in  all  situations. 

The  data  contained  in  the  present  collection  are  intended  foi  the  validation  of  large-eddy  simulations  of 
turbulent  flows,  especially  at  the  fundamental  level  of  mod:l  development  rather  than  at  the  level  of 
complete  codes.  They  therefore  include  relatively  few  ‘complex’  flows,  consisting  instead  of  ‘building- 
block’  experiments  documented  in  as  much  detail  as  possible.  These  should  also  be  useful  for  the 
validation  of  RANS  nd  for  the  preliminary  evaluation  of  experiments  or  turbulence  theories.  They 
include  both  laboratory  experiments  and  direct  numerical  simulations. 

Chapter  1  gives  an  overview  of  the  present  stage  of  large  eddy  simulation,  and  of  the  similarities  and 
differences  between  laboratory'  and  numerical  data.  Its  purpose  is  to  describe  the  general  organization 
of  the  data  base,  to  summarize  the  different  aspects  of  LKS  and  of  validation,  and  to  give  an  idea  of  the 
quality  and  precision  that  can  be  expected  from  the  data.  Chapter  2  describes  filtering  methods  and 
associated  file  formats. 

Chapters  3  to  8  deal  with  the  six  flow  categories,  ranging  from  homogeneous  to  complex,  in  which  the 
data  have  been  classified,  liacn  chapter  includes  an  introduction  discussing  the  data,  their  reliability, 
and  how  representative  they  arc  of  the  information  presently  available  for  those  particular  classes  of 
flows.  F.aeh  one  is  followed  by  a  synoptic  table  of  the  data  sets  corresponding  to  its  category. 

These  introductory  chapters  are  complemented  by  data  sheets,  organized  in  the  same  gioup  mentioned 
above,  describing  in  detail  each  data  set,  the  experimental  or  numerical  procedures,  the  expected  errors, 
and  the  initial  and  boundary'  conditions. 

The  data  themselves  are  given  in  machine  readable  form  in  the  CD-ROM  that  accompanies  the  present 
report. 
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Synthese 

Noire  capncite  d'optimisei  les  performances  des  aeronefs  eivils  el  niilitnircs  esl  limitcc  par  I’etat  actuel  de 
nos  connai.ssances  des  phcnomcncs  turbulents  complexes,  l.es  proxies  dans  le  domaine  de  la  modelisalion 
de  la  turbulence  out  etc  entraves  par  le  manque  de  bases  de  donnees  cxpcrimcntalcs  et  numcriqucs 
relativement  simples  sur  des  ecoulements  de  base,  hien  documentecs  el  syslematiquenient  verifiees,  pour 
perinettre  la  validation  des  tnethodes  de  calcul. 

Les  calculs  d'eeoulentcnts  turbulents  sont  tiaditionnellement  effeetues  soil  ,  m  Simulation  Numerique 
Dircctc  (DNS),  soit  par  niodelisation  des  equations  de  Navier-Stokes  nioyennees  (RANS).  La  premiere 
methode  consir.tc  a  resoudre  numeriquement  les  equations  de  Navier-Stokes  instationnaircs  completes, 
pratiquement  sans  approximation.  Les  resultats  sont  equivalents  a  des  resultats  d'experiences.  La  scconde 
approche  pen  net  settlement  de  ealculer  les  etats  inoyens  stationnaires,  aims  que  les  fluctuations 
instationnaircs  lurbulentes  de  I'ecoulemcnt  sont  modelisees  inoyennant  un  certain  nombre  d’approximations 
physiques. 

Les  simulations  direetes  sont  rnpidement  apparues  trop  couteuscs  pour  etre  utilisecs  dans  la  pluparl  des 
applications  imluslrielles.  taiulis  quo  les  modclisations  basecs  sur  les  inoyeunes  en  un  point  apparaissent 
souvent  trop  dependantes  des  earaeleristiques  des  ecoulements  pour  permettre  ime  application  general  isce, 
Ainsi,  les  simulations  de  grands  tourbillons  (I.LS)  out  etc  developpces  scion  tine  apprnelie  intermediaire 
entre  la  simulation  numerique  dircctc  el  hi  modelisalion  des  equations  de  Navicr  Stokes  nioyennees.  1,‘idee 
dc  base  e.st  de  ealculer  explicitement  eomme  dans  les  DNS  les  pra  rules  eebelles.  de  caraeterc  non-universel. 
ct  de  modeliser  les  petiles  eebelles.  On  pent  en  cl'l'ct  s'attendre  ii  ee  que  les  pclites  eebelles  deviennent 
progressivement  independantes  des  hetcrogencites  dc  I'ccoulcinent  et  des  conditions  aux  iimiles  et  suivent 
un  eompor'ement  quasi-universel  et  sulTissanunem  isotrope  pour  qu’un  modele  relativement  simple  ptiis.se 
les  representor  dc  toutes  les  configurations  envisagccs. 

L,e.s  informations  regroupees  dans  la  presente  base  de  donnees  son!  ilestinees  a  la  validation  de  calculs 
d'eeoulement  turbulents  par  simulation  des  grands  tourbillons  (l.LS),  en  particulicr  stir  le  plan  fondamcntal 
de  devcloppement  des  modelcs,  plutot  que  sur  eelui  de  la  validation  de  codes  eomplels.  lin  consequence,  la 
base  de  donnees  contient  relativement  pen  d’eeoulements  "complexes”,  mais  est  prineipalement  coiisiituee 
de  donnees  les  plus  dclaillccs  possibles  sur  des  ecoulements  "elementaires”.  C'es  demieres  devraient 
cgalement  servir  It  la  validation  des  inodeles  RANS  et  a  revaluation  preliminaire  d'experiences  de 
laboratoire,  ou  de  theories  de  la  turbulence.  Liles  peuvent  etre  issues  d'cxpeiiences  physiques  ou  de  calculs 
par  Simulation  Numerique  Dircctc 

Le  chapttre  I  presente  un  rapide  panorama  de  Lclat  aetucl  de  la  simulation  des  grands  tourbillons.  et  des 
similitudes  et  differences  entre  les  donnees  issues  de  mesuies  physiques  ci  les  calculs,  L’objcctif  est  de 
dccrire  L organisation  generale  de  la  base  de  donpees,  de  resumer  les  differents  aspects  des  1  ,LS  et  de  donner 
un  aperyu  de  la  qualile  et  de  la  precision  que  Lon  pent  en  attendic.  Le  ehapilre  2  den  it  la  methode  de  filtrage 
ct  les  formats  des  fichiers  assoeies. 

Les  clmpitres  3  ii  8  traitent  des  six  categories  d'eeoulements.  des  pki.s  homogenes  aux  plus  complexes, 
retenues  pour  la  base  donnees.  C’liaque  ehapitre  est  precede  d'lme  introduction  qui  presente  les  donnees,  el 
deerit  leur  liabilite  ainsi  que  leur  degie  de  lepresentativitc  pour  le  type  d'eeoulement  considere.  Ln 
sommaire  presentant  les  diverses  configurations  d'eeoulement  sous  forme  de  tableau  reeapitulatif  est  domic 
it  la  fin  de  eliaque  ehapitre. 

Pour  les  six  categories  d'eeoulement  retenues.  line  sene  de  fic lies  doeumentaires  mdividuelles  esl  fournie  Ii 
la  suite  des  ehapitres  de  presentation.  (Vs  fiches  presentent  en  detail  eliaque  configuration,  les  metliodcs 
d’obtention  des  donnees  (ii  partir  d'experiences  physiques  mi  ii  partii  de  simulations  niiineriques  dneeles). 
les  precisions  et  les  conditions  initiates  et  mix  limites  I  es  donnees  ellcs  mimes  sont  I'ournics  sous  forme  de 
liehiers  archives  sui  un  disque  C'DROM  ai  eompa; mini  le  present  rapport 
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Chapter  1:  An  overview  of  LES  validation 
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1.1  Introduction 

The  two  basic  ways  of  computing  turbulence  have  tradi¬ 
tionally  been  direct  numerical  simulation  (DNS)  and  Reyn¬ 
olds-averaged  (RANS)  modelling.  In  the  former  the  full, 
lime-dependent,  Navier-Stokes  equations  are  solved  nu¬ 
merically,  essentially  without  approximations.  The  results 
are  equivalent  to  experimental  ones,  although  with  a  differ¬ 
ent  set  of  limitations  and  advantages  which  are  briefly  dis¬ 
cussed  below.  In  the  latter,  only  time  scales  much  longer 
than  those  of  the  turbulent  motion  are  computed,  and  the 
effect  of  the  unsteady  turbulent  velocity  fluctuations  is  mod¬ 
elled  according  to  a  variety  of  physical  approximations. 

In  a  relatively  recent  development,  the  requirement  of  time- 
scale  separation  in  RANS  is  sometimes  relaxed,  allowing 
the  mean  flow  to  evolve  according  to  its  natural  instabil¬ 
ities.  In  these  ‘URANS’  computations,  the  resolved  flow 
is  usually  taken  to  be  unsteady  and  two-dimensional,  and 
a  model  is  applied  to  account  for  the  effects  of  turbulence. 
Two-dimensional  flows  behave  very  differently  from  three- 
dimensional  ones,  and  this  approximation  is  probably  only 
reasonable  in  those  cases  in  which  two-dimensional  large- 
scale  structures  dominate  the  real  flow  [53], 

It  was  realized  early  that  direct  numerical  simulations  were 
too  expensive  to  be  used  in  most  cases  of  industrial  in¬ 
terest,  being  limited  to  relatively  modest  Reynolds  num¬ 
bers,  while  Reynolds-averaged  modelling  was  too  depen¬ 
dent  on  the  characteristics  of  particular  flows  to  be  used 
as  a  method  of  general  applicability.  Large-eddy  simula¬ 
tions  (LES)  were  developed  as  an  intermediate  approxima¬ 
tion  between  these  two  approaches,  the  general  idea  be¬ 
ing  that  the  large,  non-universal.  scales  of  the  flow  were  to 
be  computed  explicitly,  as  in  DNS,  while  the  small  scales 
were  modelled.  The  hope  was  that  the  small  scales,  which 
are  removed  front  the  flow  inhomogeneities  and  particular 
boundary  conditions  by  several  steps  of  the  turbulent  cas¬ 
cade,  would  be  universal  and  isotropic  enough  for  a  single 
simple  model  to  be  able  to  represent  them  in  all  situations. 

The  data  contained  in  the  present  collection  are  intended 
for  the  validation  of  large-eddy  simulations  of  turbulent 
flows,  especially  at  the  fundamental  level  of  model  devel¬ 
opment  rather  than  at  the  level  of  complete  codes.  They 
therefore  include  relatively  few  ‘complex’  flows,  consist¬ 
ing  instead  of  ‘building-block’  experiments  documented  in 
as  much  detail  as  possible.  They  should  also  be  useful 
for  the  validation  of  RANS  and  for  the  preliminary  evalua¬ 
tion  of  experiments  or  turbulence  theories.  The  flows  have 
been  classified  in  six  different  categories,  ranging  from  ho¬ 
mogeneous  to  complex,  for  each  of  which  there  is  a  gen¬ 
eral  introduction  in  chapters  3  to  8.  These  summaries  de¬ 


scribe  the  data,  their  reliability,  and  how  representative  are 
they  of  the  information  presently  available  for  those  par¬ 
ticular  classes  of  flows.  Tire  data  themselves  are  given  in 
machine-readable  form  in  the  CD-ROM  that  accompanies 
the  present  report.  Those  not  interested  in  the  introduc¬ 
tions  will  find  lists  of  the  data  sets  for  each  particular  type 
of  flow  in  the  synoptic  tables  at  the  end  of  the  correspond¬ 
ing  chapters. 

Chapter  2  discusses  data  filtering  and  formats.  The  pur¬ 
pose  of  the  present  introduction  is  to  describe  the  general 
organization  of  the  data  base,  to  summarize  the  issues  in¬ 
volved  in  LES  validation,  and  to  give  an  overview  of  the 
quality  and  accuracy  that  can  be  expected  from  the  data. 

The  present  states  of  LES  and  of  validation  are  briefly  re¬ 
viewed  first.  The  differences  and  similarities  between  lab¬ 
oratory  and  numerical  data  are  discussed  in  §1.3,  and  the 
data  base  itself  is  described  in  §  1 .4. 

1.2  Large  eddy  simulations 

In  the  pioneering  work  of  [44],  the  separation  of  small 
(‘subgrid’)  and  large  scales  was  loosely  linked  to  averag¬ 
ing  over  computational  grid  elements,  and  was,  therefore, 
intrinsically  dependent  on  the  numerical  implementation. 
The  large  scale  field  was  nevertheless  described  in  terms  of 
functions  of  continuous  spatial  variables,  governed  by  dif¬ 
ferential  equations.  Schumann  [188]  formulated  the  scale- 
separation  problem  in  a  mathematically  consistent  way  by 
interpreting  the  subgrid  quantities  as  volume  or  surface  av¬ 
erages,  linked  to  a  particular  finite-volume  discretization. 
This  implied  that  the  large-scale  variables  resulting  from 
his  approach  were  no  longer  functions  of  continuous  space, 
and  they  have  been  difficult  to  interpret  in  terms  of  turbu¬ 
lence  theory.  Consequently,  it  has  been  the  former  interpre¬ 
tation  that  has  prevailed,  although  the  result  is  that  a  certain 
confusion  of  numerical  and  filtering  concepts  persists  up 
to  this  day.  The  current  formulation  of  large-  versus  small- 
scale  quantities  was  introduced  in  [121).  The  equations  are 
written  in  terms  of  filtered  variables, 

u[x)  ~  J  g(x,  r')u(x')  da;',  (1) 

where  the  kernel  <j(x.  x')  is  independent  of  the  numeri¬ 
cal  discretization,  and  the  filtered  variables  are  considered 
to  be  defined  over  continuous  space.  Equations  for  u  are 
obtained  by  filtering  the  equations  of  motion.  Whenever 
nonlinear  terms,  like  uv,  are  encountered,  the  resulting 
filtered  quantities  cannot  be  expressed  in  terms  of  u  and 
the  extra  subgrid  stresses  have  to  be  modelled.  Useful  re¬ 
views  of  the  state  of  the  art  at  various  times  can  be  found  in 
[177.  189,  148,  61,  75,  122.  147],  where  the  later  reviews 
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do  nol  necessarily  supersede  the  older  ones. 

There  arc  many  outstanding  issues  in  LES  which  make  the 
validation  of  the  results,  and  of  the  models  themselves,  es¬ 
sential.  The  most  obvious  ones  are  those  related  to  the 
physical  modelling  of  thesuhgrid  stresses,  which  is  in  many 
eases  based  on  engineering  approximations,  justified  by  lit¬ 
tle  more  than  dimensional  considerations.  Numerical  is¬ 
sues  arc  also  important,  since  most  models  use  as  input 
the  velocity  gradients  of  the  filtered  field,  which  depend 
on  the  smallest  scales  resolved  by  the  simulations,  and 
which  are  therefore  strongly  influenced  by  numerical  er¬ 
rors  [71,  II 1 J.  It  is  clear  that  filtering,  modelling,  and  nu¬ 
merical  techniques  are  interrelated  [  1 69 1  but  in  which  way 
is  still  unclear. 

There  arc  two  ways  to  validate  a  given  combination  of 
the  three  factors  mentioned  above.  The  simplest  one  is 
a-paxteriori  testing,  in  which  an  experiment  is  simulated 
using  a  complete  LES  code,  and  the  predictions  of  the  de¬ 
sired  variables  (c.g.  mean  velocities,)  are  compared  to  the 
measurements.  While  agreement  of  this  kind  is  probably 
the  ultimate  goal  of  any  simulation,  this  testing  can  only  he 
incomplete  and  is  difficult  to  interpret. 

In  the  first  place,  if  the  results  arc  poor,  it  is  difficult  to  de¬ 
cide  what  is  wrong,  since  any  one  of  the  many  components 
of  the  complex  code  may  be  responsible.  But,  even  if  the 
agreement  is  good,  it  may  be  due  to  compensating  errors, 
or  may  only  be  good  for  the  particular  experiment  chosen 
for  the  test.  Moreover,  since  the  information  available  on 
the  experiments  is  seldom  complete,  some  parameters  have 
to  be  guessed  (c.g.  boundary  conditions,)  and  this  provides 
enough  latitude  as  to  sometimes  mask  modelling  errors. 
In  no  ease  is  much  understanding  gained  on  the  causes  of 
agreement  or  disagreement,  or  on  possible  simplifications 
and  improvements. 

There  are  well-known  techniques  for  testing  code  integrity 
and  numerical  accuracy,  independently  of  physical  consid¬ 
erations,  which  are  beyond  our  scope.  An  a-priori  method 
for  testing  the  filtering  and  modelling  pans  of  LES,  in¬ 
dependently  of  the  numerical  factors,  was  introduced  in 
[351.  Assume  that  the  full  How  field  in  a  given  situation 
is  known.  It  is  then  possible  to  compute  exactly  the  fil¬ 
tered  field  u  and  the  subgrid  sircsscs.  Prom  IT,  using  only 
information  that  would  be  availahlc  to  the  LES  code  in  a 
real  situation,  it  is  also  possible  to  compute  the  stresses  that 
would  be  predicted  by  the  proposed  model,  anu  to  compare 
them  to  the  actual  ones  derived  from  the  data 

True  a-priori  testing  requires  actual  flow  fields,  which  arc 
usually  only  available  from  direct  numerical  simulations 
(see  however  [  145)).  It  has  proved  to  be  impractical  to  in¬ 
clude  such  fields  in  the  present  data  base.  A  single  DNS 
snapshot,  at  the  moderate  Reynolds  numbers  relevant  to 
large-eddy  simulations,  recpiircs  several  hundred  Mbytes 
of  data,  and  reasonable  statistics  imply  at  least  G{  10)  such 
fields.  Including  a-priori  data  even  for  the  Tew  simple 
flows  which  arc  presently  available  would  have  needed  ap¬ 
proximately  100  Gbytes  of  data,  and  several  hundred  CD- 
ROMs.  The  data  in  this  collection  arc  therefore  not  ap¬ 


propriate  for  a-priori  testing,  although  a  few  filtered  fields 
have  been  included  to  be  used  as  'standard'  initial  and  in¬ 
flow  conditions  in  simulations. 

The  results  of  a-priori  testing  have  proved  disappointing  in 
those  eases  in  which  it  has  been  tried.  The  suhgrid  stresses 
predicted  by  most  models  turn  out  to  he  only  poorly  corre¬ 
lated  with  those  measured  from  the  filtered  fields  [35,  8).  in 
spite  of  which  some  of  those  models  are  very  successful  in 
a-pnsicrinri  performance.  The  reason  seems  to  be.  at  least 
in  part,  that  only  the  mean  stresses  are  needed  to  compute 
the  mean  flows,  and  that  mean  values  and  integral  quanti¬ 
ties  are  belter  correlated  than  instantaneous  ones.  Also  a 
certain  fraction  of  the  shear  stresses  is  carried  by  the  re¬ 
solved  large  scales  and  ,cs  nol  have  to  be  modelled. 

In  selecting  the  present  validation  eases  we  have  chosen 
an  intermediate  path  between  the  data  needed  for  a-priori 
testing,  which  we  cannot  provide,  anil  those  sufficient  for 
a-poxlcriori  verification,  which  we  have  argued  to  be  in¬ 
complete.  We  have  taken  the  view  that  LES,  even  if  it  is 
only  an  imperfect  representation  of  true  turbulence  physics, 
should  at  least  predict  those  quantities  associated  with  the 
large  scales  of  the  flow.  In  particular,  turhulenl  intensi¬ 
ties  and  other  Reynolds  stresses  have  lo  he  reasonably  well 
modelled  if  the  LES  equations  are  to  be  correctly  closed.  It 
is  shown  in  chapter  2  that  the  computation  of  the  Reynolds 
stresses  of  a  filtered  field  requires  the  knowledge  of  the 
two-point  correlation  function  of  (he  velocities  in  the  full 
field.  This  is  a  high-dimensional  quantity  which  has  not 
been  reported  in  most  experiments,  but  an  effort  has  been 
made  to  include  if  whenever  available.  In  most  eases,  this 
is  only  H  ue  for  numerical  simulations,  hut  at  least  one  ease 
(SHL04)  corresponds  to  a  laboratory  experiment.  From 
these  correlations,  it  is  possible  for  a  modeller,  using  an 
arbitrary  filler,  to  compute  one-point,  second-order  statis¬ 
tics  of  the  filtered  field,  and  lo  compare  them  to  the  mean 
stresses  predicted  by  his  model. 

An  attempt  to  provide  even  more  detailed  data  has  been 
made  in  the  case  of  some  homogeneous  (lows  in  chapter 
3.  A  lot  of  information  on  the  structure  of  the  velocity 
fluctuations  is  contained,  for  those  flows,  in  the  probability 
density  functions  (p.tl.f.)  of  the  velocity  differences  across 
a  given  distance.  For  large  distances,  this  is  a  large-scale 
quantity,  and  should  he  predicted  by  any  LF.S  which  pre¬ 
serves  the  structure  of  those  scales.  It  is  shown  in  chapter 
3  that  the  p.d.f.s  in  filtered  fields  are  the  same  as  those  in 
fully  resolved  ones,  as  long  as  the  filter  width  is  sufficiently 
smaller  than  the  distance  across  which  the  velocity  differ¬ 
ences  arc  measured,  and  it  should  he  possible  to  use  them 
totest  which  scales  are  well  modelled  by  a  given  technique, 
and  which  ones  are  nol.  Again,  results  from  numerical  sim¬ 
ulations  and  laboratory  experiments  are  included. 

1.3  Numerical  vs.  laboratory  experiments 

in  this  data  base  we  have  included  both  numerical  (DNS) 
and  laboratory  experimental  data.  They  are  treated  on  the 
same  footing  as  ‘true’,  in  the  sense  that  both  arc  only  sub¬ 
ject  lo  'instrumental'  errors  that  can  be  reduced  with  rea¬ 
sonable  procedural  care 
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However,  the  limitations  and  uncertainties  of  botli  types  of 
data  arc  different,  and  they  should  be  taken  into  account 
when  using  them  for  validation. 

Tire  general  magnitude  of  the  experimental  errors  that  can 
be  expected  from  hot  wire  measurements  is  discussed  in 
chapter  3  (§3.1.3),  in  the  context  of  homogeneous  flows. 
Chapter  6  (§6. 1 )  extends  the  discussion  to  the  cases  of  free 
shear  layers  and  jets,  where  the  errors  tend  to  be  higher 
because  of  the  large  relative  turbulence  intensities,  espe¬ 
cially  near  [he  low-speed  edge  of  the  Hows.  This  latter 
chapter  also  examines  the  uncertainties  in  Laser  Doppler 
velocimctry,  which  deals  better  with  high  turbulence  in¬ 
tensities,  but  which  has  its  own  set  of  errors  due  to  limited 
seeding  densities  and  to  particle  lag.  The  latter  effect  is  es¬ 
pecially  troublesome  in  supersonic  flows  involving  shock 
waves.  The  errors  in  numerical  simulations  are  briefly  dis¬ 
cussed  in  §3.1.3.  and  each  data  set  description  sheet  con¬ 
tains,  as  far  as  possible,  ils  own  error  cslimalion. 

The  absolute  error  magnitudes  are  roughly  comparable  for 
numerical  and  experimental  data.  Mean  first-order  quan¬ 
tities  should  be  accurate  to  a  few  percent,  but  second  or¬ 
der  quantities,  intensities  and  correlations,  may  be  off  by 
10%  or  more.  The  cause  of  the  errors  is  however  differ¬ 
ent.  While  laboratory  uncertainties  arc  mainly  instrumen¬ 
tal,  numerical  ones  tend  to  be  statistical.  Laboratory  ex¬ 
periments  work  with  long  data  records,  often  only  approx¬ 
imately  measured,  while  numerics  have  very  small  'mea¬ 
surement'  uncertainties,  hut  deal  with  samples  which  are 
severely  limited  in  size  and  number.  In  particular,  the  few 
full  flow  fields  which  arc  included  in  ihc  data  base  repre¬ 
sent  single  realizations  of  a  random  process,  and  can  only 
serve  as  'typical'  initial  conditions  for  computations.  They 
arc  not  necessarily  representative  of  the  average  stale  of 
their  flows,  and  it  is  not  advised  to  use  them  in  that  capac¬ 
ity,  such  as  for  a-priori  testing. 

There  are  other  important  differences  between  experimen¬ 
tal  and  numerical  data.  The  former  tend  to  be  fairly  un¬ 
constrained,  with  walls,  entry  and  exit  conditions  relatively 
far  away  from  the  How  itself,  but  those  conditions  lend  to 
be  poorly  documented.  There  are,  for  example,  very  few 
cases  in  which  information  is  available  on  the  state  of  the 
boundary  layers  on  the  side  walls,  or  on  the  downstream 
boundary  conditions. 

Such  information  is  important  in  simulations,  and  most 
numerical  data  arc  well  documented  in  this  respect,  but 
their  boundary  conditions  tend  to  be  artificial  and  relatively 
‘light’  with  respect  to  (he  interesting  parts  of  the  How,  In 
many  cases,  for  example,  the  size  of  the  largest  scales  of 
numerical  turbulence  is  pushed  to  the  limit  in  which  it  is  of 
the  same  order  as  the  numerical  box,  which  has  an  impact 
both  on  their  behaviour  and  on  the  statistical  significance 
of  the  data. 

This  difference  in  boundary  conditions  means  that  the  nu¬ 
merical  simulations  and  Ihc  laboratory  experiments  repre¬ 
sent  different  flows,  even  when  they  both  try  to  approxi¬ 
mate  the  same  ideal  situation.  Decaying  grid  turbulence 
and  numerical  simulations  of  triply  periodic  boxes,  for  in¬ 


stance,  both  try  to  approximate  isotropic  turbulence,  but 
both  approximations  arc  imperfect  and  different  from  one 
another.  The  same  is  true  of  spatially  glowing  mixing  lay¬ 
ers  in  finite  wind  tunnels,  and  of  temporally  growing  ones 
in  stream-  and  span- wise  periodic  boxes.  Both  are  approx¬ 
imations  to  an  infinite  self-similar  turbulent  mixing  layer, 
but  different  ones. 

In  this  sense  the  numerical  data  sets  arc  better  suited  to 
be  used  in  model  validation,  because  the  LES  arc  likely  to 
share  with  them  many  of  the  limitations  in  box  size  and 
the  artificial  boundary  conditions,  and  because  the  latter 
are  usually  bctlcr  documented  in  DNS  than  in  laboratory 
experiments.  In  a  sense,  both  DNS  and  LES  are  simulating 
the  same  flows,  which  are  slightly  different  from  those  in 
the  laboratory.  The  ultimate  goal  of  simulations  should  be, 
however,  to  reproduce  the  latter. 

1.4  The  organization  of  the  data  base 

The  present  report  consists  of  three  parts.  The  first  two  arc 
contained  in  the  printed  volume,  and  are  the  set  of  intro¬ 
ductory  chapters  and  the  collection  of  data  sheets  for  the 
individual  sets.  Both  arc  organized  into  six  categories,  as 
follows: 

Chapter  3:  Homogeneous  turbulence,  including  strain  and 
rotation  (HOM), 

Chapter  4:  Interaction  of  shock  waves  with  grid  turbu¬ 
lence  (SHW). 

Chapter  5:  Pipes  and  channels  (PCH). 

Chapter  6:  Free  shear  flows  (SHL). 

Chapter  7:  Turbulent  boundary  layers,  especially  distorted 
and  separating  (TBL). 

Chapter  8:  More  complex  flows  (CMP), 

The  introductory  chapters  should  be  consulted  for  a  discus¬ 
sion  of  the  individual  sets.  Each  one  contains  a  table  with  a 
summary  of  wlial  is  available,  and  under  what  name.  Each 
data  set  has  been  given  a  name  formed  by  the  prefix  in  the 
previous  list  and  by  a  two-digit  number,  and  they  are  re¬ 
ferred  by  that  name  throughout  the  data  base. 

Chapter  1  is  the  present  introduction,  and  chapter  2  ex¬ 
plains  how  to  use  the  data  to  obtain  filtered  quantities,  and 
describes  some  of  the  less  obvious  data  formats. 

The  third  part  of  the  data  base  consists  of  the  data  them¬ 
selves,  which  are  contained  in  machine  readable  form  in 
the  CD-ROM  that  accompanies  the  printed  volume.  All  the 
files  from  a  given  set  are  collected  in  subdirectories  named 
after  the  chapter  and  set  names  (e.g.  chapler7/TBL10).  At 
the  lime  of  publication,  the  data  arc  also  available  on-line 
by  anonymous  ftp  from  torroja.dmt.upm.es,  in  Eu¬ 
rope,  or  from  http://thomanc.stanford.edu  in  the 
USA.  Both  sites  are  privately  maintained,  and  there  is  no 
guarantee  of  their  permanence.  They  might,  howevei,  he 
enhanced  with  new  data  as  they  becomes  available. 
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ing,  and  therefore  to  which  filtered  quantities  to  compare. 


The  problem  of  providing  filtered  DNS  or  experimental 
data  for  comparison  to  I  -ES  results  is  discussed  briefly.  It  is 
argued  that  the  data  base  should  include  enough  informa¬ 
tion  to  allow  users  to  apply  their  own  filtering  operators, 
but  that  this  is  only  practical  for  first-  and  second-order 
one-point  statistics.  The  former  requires  the  inclusion  in 
the  data  base  of  unfiltcred  mean  profiles  or  (low  fields.  The 
latter  requires  the  full  small-separation  correlation  tensor. 
The  more  complete  information  contained  in  the  full  spec¬ 
tral  tensor  is  normally  unpractically  large,  except  for  the 
particular  case  of  isotropic  turbulence. 

Data  formats  are  also  discussed,  including  those  for  the 
correlation  tensor  in  spatially  inhomogeneous  flows. 

2.1  Introduction 

In  Large  Eddy  Simulation  (EES),  only  the  largest  scales  of 
turbulence  arc  simulated,  leaving  the  smaller  scales  to  he 
modelled.  Therefore,  statistical  quantities  computed  from 
an  LBS  must  be  interpreted  as  statistics  of  the  large  scales. 
Tor  some  quantities,  such  as  the  mean  velocity  and  the 
statistics  of  multi-point  velocity  differences  (for  large  spa¬ 
tial  separation),  there  is  no  small-scale  contribution,  and 
EES  should  be  able  to  predict  those  well.  However,  for 
many  quantities,  such  as  all  the  single-point  moments  of 
order  higher  than  one,  there  is  a  small-scale  contribution, 
and  the  large-scale  values  given  by  an  EES  will  differ  from 
those  measured  in  an  experiment  or  computed  in  a  DNS. 
Thus,  to  properly  compare  an  LES  with  a  DNS  or  experi¬ 
ment,  it  is  necessary  to  extract  the  large  scale  statistics. 

Whenever  possible,  the  data  sets  in  this  collection  include 
either  large-scale  information  in  addition  to  the  usual  unfil- 
lercd  statistics  or,  more  often,  enough  information  to  allow 
the  users  to  derive  filtered  values  using  their  own  filtering 
operation.  The  large  scales  in  EFTS  are  defined  by  means  of 
a  spatial  low-pass  filter  which,  for  a  single  homogeneous 
spatial  direction,  is  defined  through  an  appropriate  kernel 
i/(.r)  by 

a  -  f  yi-r  -  x‘)u(x')i\x'.  (1) 

The  choice  of  kernel  is  complicated  by  the  fact  that,  in 
many  LE.S.  the  filtering  operation  is  m.i  explicit,  but  im¬ 
plied  hy  the  presence  oT  a  discrete  grid,  in  which  ease  the 
simulator  may  not  even  know  which  filter  shape  he  is  us- 


There  are  nevertheless  several  sensible  choices  for  the  func¬ 
tional  form  of  i?,  one  of  the  most  common  being  Fourier 
truncation,  which  corresponds  to 


(r)  = 


sin(2n'x/5) 
7 rx 


(2) 


and  which  is  mostly  used  in  spectral  numerical  codes.  Its 
only  parameter  is  the  filter  width  <5. 

Another  popular  choice  is  the  box  filter 


<//, ( )  =  1/2(5  for  | x |  <  d,  0  otherwise,  (3) 


which  is  easier  to  apply  to  computations  or  measurement,-, 
in  physical,  rather  than  spectral,  space. 

The  spectral  counterpart  of  the  convolution  (1)  is  multi¬ 
plication  in  Fourier  space.  Denoting  the  transform  of  a 
function  of  x  hy  its  capitalised  symbol 

U(k)  =  2nG(k)U{k).  (4) 


For  the  two  examples  given  above 
2irG„(k)  . 
and 


1  if  \k\  <  2 tt/5 
0  otherwise, 


2?r Gh(k)  - 


sin(L<5) 

kS 


(5) 


(G) 


The  transfer  function  is  defined  in  the  familiar  way  as 


T(k)  =-H-\G(k)\\  (7) 


and,  if  the  co-spectrum  of  iwo  arbitrary  variables  u  and  v 
is 

=  W(k)V(k) J,  (8) 

the  co-spectrum  of  the  filtered  variables  is  given  by 

Cr,v  =  T{k)C,lv.  (!)) 


Ill  the  particular  case  of  u  —  r,  (9)  is  the  power  spectrum 
of  «.  The  energy  or  Reynolds  stresses  of  the  tillered  flow 
arc  given  hy  the  integral  of  (9),  and  differ  from  those  of  the 
original  flow  hy  an  amount  that  depends  on  the  form  olTlic 
transfer  function.  LES  results  should  be  compared  to  the 
filtered  intensities,  rather  than  to  the  unliltered  ones 
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Since  different  LFS  sinuilnlions  are  run  with  different  fil¬ 
ters,  tire  only  way  that  a  data  base  ear.  be  made  useful  for  a 
variety  of  users  is  to  include  lull  spectra  and  co-speotra 
rather  than  fluctuation  energies  or  stresses.  In  isotropic 
flows,  co-spccira  vanish  and  (he  information  on  the  energy 
spectrum  is  contained  in  a  single  function  of  the  wavenum¬ 
ber  magnitude  A*  —  |  k|.  from  which  all  other  spectra  can  he 
deduced  [  16].  In  anisotropic  flows,  some  of  the  co-spectra 
do  not  vanish,  and  the  spectra  have  to  he  given,  as  much 
as  possible,  as  two-  or  three-dimensional  functions  ol  the 
wavenumber  components. 

For  homogeneous  flows,  therefore,  it  is  enough  to  include 
the  appropriate  spectra  and  eo- spectra  to  allow  users  to  de¬ 
rive  any  second  order  one-point  statistical  c)  non  tits  Note 
however  that  this  information  is  more  complete  that  the  one 
needed  for  the  computation  of  the  one-point  statistics,  and 
that  it  may  be  rather  large  for  anisotropic  flows.  It  will  be 
seen  below  that  one-point  information  is  given  more  com¬ 
pactly  by  the  small-separation  correlation  function. 

Note  also  that  (9)  applies  only  to  second  order  statistics  and 
cannot  he  used  to  filter  higher  order  moments.  To  do  so 
would  require  higher  order  correlation  functions  with  im¬ 
practical  storage  requirements  in  all  but  the  simplest  eases. 
Thus,  while  higher  order  moments  and  velocity  p.d.f.s  are 
usclul  in  characterising  turbulent  flows,  and  while  the  data 
base  includes  them  whenever  possible,  it  is  impractical  to 
provide  enough  information  for  users  to  derive  filtered  val¬ 
ues  for  arbitrary  fillers. 

2.2  Inhomogeneous  flows 

For  inhomogeneous  spatial  directions,  the  choice  of  filter 
is  not  so  clear.  The  analog  off  I )  is 

«—  ^  r/(.i’,  J,,)i/(.rl)  d.i',  (1(1) 

with  1 1  now  a  more  complicated  kernel.  It  can  be  written  m 
a  form  more  closely  related  to  the  homogeneous  ease  as 

it-  y  </(.r-  d,'.  (II) 

where  the  dependence  on  the  second  argument  can  he  eon 
sidered  parametric,  and  represents  the  variation  of  the  filler 
width  and  shape  with  spatial  location.  Furthermore,  even 
the  filters  in  homogeneous  spatial  directions  may  depend 
on  the  inhomogeneous  coordinate.  For  example,  in  point 
coordinates  for  pipe  flow,  the  filler  width  in  the  azimuthal 
direction  should  depend  on  the  radial  direction  (;•).  In 
particular,  iV(i  ~  1  jr  away  from  r  =  0.  with  some  appro¬ 
priate  regularity  condition  at  r  -  0. 

The  question  is  what  is  needed  to  generate  arbitrarily  fil¬ 
tered  statistics  in  this  ease.  The  physical  space  dual  of  the 
co-spectrum  is  the  two  point  correlation  fit  net  Ion 

/f,,,  ('■.  ■!■')  ("(  '')  >'(•'•')).  ( I'-’l 

where  <•)  is  the  ensemble  avetagmg  opeiatoi,  which  is  usu¬ 
ally  substituted  by  lime  averaging,  ot  by  averaging  ovei  a 
suitable  homogeneous  diicction  The  correlation  is  a  lime 
lion  of  two  independent  variables.  anil  s'.  and  it  is  clear 


from  (12).  and  fiont  the  fact  that  filtering  and  averaging 
commute,  that  the  correlation  of  the  filtered  field  can  be 
obtained  by  filtering  its  correlation  function  over  each  of 
the  two  independent  variables. 

A'arbr.  a  ')  =  j  J  It,. O.'/T'’-  {)'/(■'•'.  C)  *'•(  <lf'- 

(13) 

Hot  .)■  —  j-'.  we  recover  the  one-point  second  order  statis¬ 
tics  / 1’ „ ,  —  (uu).  Note  that  it  will  generally  be  necessary  to 
subtract  local  mean  values  from  (13)  to  obtain  the  covari¬ 
ance.  or  the  fluctuating  energy  and  Reynolds  stresses.  It  is 
not  generally  true  that  the  mean  values  of  the  filtered  and 
unliltercd  variables  arc  the  same,  but  first  order  statistics 
can  be  obtained  by  dticclly  filtering  the  mean  profiles, 

(")=H  (i-i) 

In  the  special  ease  of  homogeneous  directions  flic  corre¬ 
lation  function  depends  only  on  a  single  variable,  s'  -  ;r, 
hut  the  double  filtering;  operation  in  (13)  still  lias  to  he  per¬ 
formed  to  recover  the  second  order  .statistics  If  wc  assume 
that  the  filler  is  also  spatially  homogeneous  in  that  direc¬ 
tion 

0«:)  -  J  ILAOhlOK. 

where 

/»(0-  y.';(sc')//(i'-i  0<!C  (lb) 

In  summary,  to  generate  the  lirsl  and  second  order  statistics 
for  filtered  flow  fields,  it  is  necessary  to  know  the  unliltercd 
profiles  of  the  average  velocities,  and  the  full  iwo-pomi 
joint  correlation  f unction  for  all  the  variable  pairs  whose 
Reynolds  stresses  do  not  vanish. 

The  latter  oldest  can  be  lather  large.  For  a  inhomogeneous 
one-dimensional  flow  lield  on  a  .V-poini  mesh,  each  corre¬ 
lation  function  is  a  two-dimensional  object  with  A’-1  points 
In  the  extreme  case  of  a  fully  three-dimensional  field  with 
three  inhomogeneous  dimensions,  the  correlation  would  be 
a  six-dimensional  t..t|cci  with  A  *1  points  Homogeneous 
directions  add  only  one  dimension  to  the  correlation  lime 
lion  The  present  data  base  contains  no  fully  inhomoge¬ 
neous  flows,  hut  there  are  seven  al  eases  with  two  inhomo¬ 
geneous  mid  one  homogeneous  directions,  which  would  re¬ 
quire  A-’’  points  for  the  full  eoriolation  function. 

Fortunately  not  all  the  correlation  function  is  needed  if 
only  one  point  statistics  are  n>  be  computed.  As  noted 
lor  homogeneous  flows,  the  lull  eortelalion  contains  long 
range  inlotinalior,  which  is  not  needed  for  tillering  II  we 
make  .r  r  s'  in  (13).  mid  assume  that  the  w  tdesl  filter  has 
liall-vvidtli  II .  the  integrand  only  utlfeis  Iron)  zero  inside 
the  squats’  (It  aj  <  II.  |£'  .ij  II).  The  eortelalion 
;s  onlv  needed  in  the  union  of  ail  those  equates,  which  is 
a  band  of  width  211  centred  along  the  diagonal  ,r  -  s'. 
For  the  particular  example  ol  two  inhomogeneous  dtrcc 
lions  (.r.  i/)  and  one  homogeneous  dueetion  (.?).  the  do- 
tiiani  needed  is 

/i't.1  .  s',  j/.  ft ' .  J  ~  ). 

s'  s\  II  \y‘  I/I  •  II  \:'  :  |  <'  II.  (10) 
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Figure  1 :  The  two-point  correlation  function  of  a  one- 
dimensional  variable  is  defined  in  a  two-dimensional  mesh, 
symmetric  with  icspeet  to  the  diagonal.  Filtered  one-point 
statistics  arc  computed  by  convolution  with  square  filters 
centred  on  the  diagonal.  Only  correlation  values  inside  a 
narrow  band  are  needed  lot  this  operation,  which  can  be 
reduced  in  half  using  the  symmetry 

Note  that,  for  data  defined  on  inhomogeneous  grids,  the 
bands  in  (1(5),  even  if  they  have  a  uniform  geometric  width, 
do  not  necessarily  have  a  uniform  number  of  points,  and 
that  the  associated  data  structure  needs  to  catty  informa¬ 
tion  on  the  beginning  and  the  end  of  each  x'  interval  (see 
figure  1). 

The  maximum  filler  width.  H.  is  a  parameter  to  be  decided 
during  the  generation  of  the  data  base,  and  has  been  taken 
as  uniform  as  possible,  even  lor  nonuniform  flows.  A  rea¬ 
sonable  order  of  magnitude  is  one  tenth  of  the  relevant  (low 
dimension  (such  as  the  channel  half-width,  or  the  boundary 
layct  thickness),  corresponding  to  very  coarse  I  .FIS  grids 
with  10-20  points  across  that  dimension. 

The  previuus  discussion  applies  mostly  to  data  originating 
from  direct  numerical  simulations.  In  filtering  laboratory 
experiments,  it  is  generally  only  possible  to  filter  in  time, 
which  is  homogeneous  in  all  the  flows  in  this  data  base. 

2.3  Data  formats 

As  much  as  possible,  files  arc  self  documenting  and  self 
contained.  Small  data  sets  are  given  as  plain  ASCII  files, 
which  can  be  manipulated,  read  am!  edited  using  standard 
editors.  Many  older  editors  and  Fortran  compilers  do  not 
admit  formatted  lines  longer  than  about  132  characters, 
and  those  have  been  avoided  as  much  as  possible 

Moreover,  since  many  smaller  systems  would  not  edit  files 
target  than  a  few  tens  of  Kbytes,  and  large  formatted  I/O 
opctalions  arc  unpractically  slow  in  most  computer  sys¬ 
tems,  files  larger  that  about  50  Kb  are  in  binary  ‘fiat’  fut- 
tnal.  following  the  IEEE  floating-point  standard  used  by 
microprocessors.  There  are  two  implementation  ‘flavours' 
of  ibis  standard,  which  differ  by  the  position  in  memory 


of  the  bytes  within  a  word.  The  data  in  this  collection  are 
in  the  ‘big-endian'  form  (as  used  by  DEC,  IBM/Motorola 
and  SGI  processors),  with  the  high-order  byte  in  the  low- 
address  end.  Utilities  arc  included  on  the  disk  for  convert¬ 
ing  to  ‘little-endian'  form  (as  used  by  Intel  processors). 

Those  utilities  need  to  know  the  length  of  the  floating  point 
numbers  in  tile  file,  which  should  therefore  be  fixed.  Data 
in  binary  files  only  contain  INTEGF.R*4  (four  bytes  per 
word)  and  REALM  (single  precision  floating)  data,  or  their 
C  equivalent,  except  as  described  next. 

For  the  purpose  of  documentation,  the  first  few  Kbytes  of 
each  binary  file  are  reserved  for  text  data,  in  plain  readable 
format,  which  can  be  isolated  by  the  Unix  head  command 
or  equivalent,  or  displayed  by  more.  This  header  contains: 

•  A  first  line  HEADERLENgth = 4  0  9  6  \  n,  giving  the  header 
length  in  bylcs,  followed  by  a  newline  (\n)  character 
to  allow  for  automatic  stripping  by  user  programs. 
The  length  in  this  example  (4  Kb)  is  equivalent  to 
about  50  text  lines,  and  should  be  enough  in  most 
cases,  but  some  files  have  longer  headers. 

•  Tue  file  name, 

•  A  short  description  of  the  data. 

•  Basic  references,  including  the  relevant  chapter  in 
the  accompanying  printed  volume. 

•  A  short  description  of  the  format. 

•  A  short  piece  of  code  or  pseudo-code  that  can  be 
imbedded  in  a  computer  program  to  read  the  data  in 
the  rest  of  the  file. 

Note  that  the  byte-swapping  utilities  that  translate  between 
the  two-floating  point  formats  will  read  the  ‘HEADER- 
I.F.NGTFT  line  and  copy  the  header  accordingly.  Thus 
these  utilities  can  be  used  on  the  Included  binary  files  di¬ 
rectly. 

2.4  Correlation  functions 

The  most  complicated  format  is  that  for  the  correlation 
function  in  inhomogeneous  flows  since,  as  discussed  in  the 
previous  section,  only  a  band  oflhc  multidimensional  ar¬ 
ray  is  needed,  and  the  width  of  that  band  is  variable.  The 
following  is  a  possible  data  organisation  within  a  Fortran 
program,  which  has  been  followed  as  much  as  possible. 
Also  included  is  pseudo-code  to  be  used  in  generating  and 
using  the  correlation  function.  It  is  assumed  that  the  dif¬ 
ferent  components  of  the  tensor  are  included  in  the  code 
as  the  last  running  index  of  the  array  couv.  Since  differ¬ 
ent  flows  have  a  different  number  of  non-zero  components, 
these  are  identified  in  the  file  header. 

The  following  are  the  declarations 

c  - 

c  assumes  two  inhomogeneous  directions, 
c  x  and  y,  and  one  homogeneous  one  z. 
c  nx,  ny  are  grids  sizes 


c  nz  =  H/dz  is  the  max.  filter  width 

c  m  r  number  of  tensor  components, 

c  1 ;  u '  u ' 

e  2  :  u '  v ' 

c  3  :  v '  v ' 

c  etc . 

c 

c  xmx(i)->  index  in  x(*l  of  the  highest 
c  ii  in  R(K|i),xli.;,..) 

c  xO(i)  ->  index  in  couv  of 
c  R(x ( i) ,  x  ( i)  ,  .  . ) 

c  ymn(j)->  index  in  y ( * }  of  the  lowest 
c  jjin  R< . . ,  y ( j i ,  y( j j) , . . ) 

c  ymx(j)->  index  in  y(*l  of  the  highest 
c  j j  in  R( . . ,y ( j ) ,y( jj ) . . . ) 

c  yO(j)  ->  index  in  couv  of 
c  R( . . ,y (j ) .y I j) . .  .  ) 

c 

c  the  dimensions  ntx,  nty  of  the  list 
c  couv  should  be  large  enough  to 
c  contain  the  whole  band  for  each 
c  variable 

c  - 

parameter  (nx,  ny,  nz,  ntx,  nty) 
real  x (nx) , y (ny) , dz 
integer  xmx (nx ) , ymn ( ny ) , ymx (ny ) 
integer  xO (nx) , yO (ny ) 
real  couv(ntx , nty, -nz : nz , m) 


The  x  variation  of  the  correlation  /?,„.(x,  x'  . . .)  is  stored 
along  the  first  index,  ix,  of  the  list-organised  array  couv. 
The  i-th  line  of  the  function,  corresponding  to  i  —  x  ( i  i , 
is  stored  starting  from  the  element  ix  =  xO(i).  which 
contains  the  information  for  r'  =  x.  and  ending  at  ix  = 
xO  ( i )  +xmx  ( i )  -  i.  Note  that  wc  have  used  the  symmetry 
of  the  correlation  tensor  with  respect  to  x  <  >  ,r',  y  < )  ;/, 
z  er  z' ,  n  <->  v  to  avoid  storing  data  for  x1  <  x.  Tor  the  y 
direction,  we  cannot  use  this  symmetry,  which  make'  the 
indexing  of  the  y  direction  slightly  different.  Here  wc  have 
the  j-t.h  line  of  the  function  corresponding  to  y  =  y  ( -j ) 
stored  starting  from  the  clement  iy  -  y()(  j) +ymn(  j )  -  j, 
which  contains  the  information  for  y'  -  y  (ymn  ( j ) ) .  and 
ending  ut  iy  =  yO  ( i ) +ymx  ( j )  -  j.  Finally  the  third  in¬ 
dex  for  the  z  direction,  which  is  assumed  to  he  homoge¬ 
neous  with  uniform  grid  spacing  clz  is  simpler.  1-ora  grid 
spacing  dz.  the  correlation  for  z'  -  z  ~  dz*k  is  stored 
with  index  k.  Thus,  the  information  for  the  correlation 
f?m(x(i),  x(ii  ),  y(-j),  y(ii).  z'  --  z)  -  (x  <  i  i  ) . 
x(i),  y  ( j  j ) ,  y  ( j ) ,  z  -  z'),  where  i  j  >  i,  is  found  in 

.if  (  i  i  .  Ip  .  xmx  ( i  )  .and.  j  j  .  gp.  ymn  (  j  ) 

U  .and. 

a  j j . ie .ymx ( j )  .and.  abs (k) . le.nz) 

6,  t.hori 

R:  couv  (xO(i)+ii-i,yO(y)*ji-j,k,m) 

elac 

R-  0. 


where  the  correlation  is  set  to  zero  lot  points  outside  the 
stored  hand.  Tor  a  homogeneous  spatial  direelion.  there 
may  also  be  a  statistical  symmeli  y  whereby  - 

c)  -  .  ..z  -  where  lire  plus  or  minus  sign  de¬ 


case.  only  data  for  z'  —  :  >  0  need  he  stored.  Use  of  such 
symmetries  is  described  in  the  header  of  the  correlation 
files. 

Note  that  nz  is  not  (he  full  extent  of  the  computational  grid 
in  the  z  direction,  hul  the  expected  width  of  (he  widest  fil¬ 
ter.  In  some  cases,  especially  in  experiments  collected  with 
sparse  fixed  sensor  rakes,  the  spacing  between  the  data 
available  in  some  directions  may  be  larger  than  the  widest 
expected  filter,  in  which  case  nz  =  1.  and  no  liliering  of 
the  statistics  is  possible  in  that  direction. 

Note  finally  that  the  collection  of  reliable  correlation  func¬ 
tions  requires  large  amounts  of  data  which  arc  not  always 
available,  and  that  users  should  he  aware  of  the  possibility 
of  larger  error  bars  in  these  quantities. 
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3.1  Introduction 

3.1.1  The  basic  configurations 

By  definition,  turbulence  is  homogeneous  if  its  statistical 
properties  (with  the  occasional  exclusion  of  the  first  mo¬ 
ments)  are  invariant  under  translation  of  the  origin  of  the 
coordinate  system.  This  implies  that,  ideally,  such  a  flow 
should  he  unbounded.  Simple  analysis  further  shows  that 
non  trivial  turhulcncc  cannot  be  both  homogeneous  and 
stationary  (i.e.  with  statistical  properties  which  arc  invari¬ 
ant  under  shifts  of  the  time  origin).  Neither  experiment 
nor  compulation  produces  exactly  homogeneous  (lows,  but 
both  introduce  a  number  of  approximations.  Notwithstand¬ 
ing  such  limitations,  it  is  convenient  to  maintain  this  term 
in  order  to  distinguish  some  relatively  simple  flow  config¬ 
urations  from  more  complex  ones.  In  the  following,  the 
term  ‘homogeneous’  will  denote  several  classes  of  approx¬ 
imately  homogeneous  flows,  which  approximate,  to  some 
degree,  the  theoretical  notion  of  unbounded,  exactly  ho¬ 
mogeneous  turhulcncc.  Furthermore,  there  is  a  difference 
between  experimental  and  simulated  homogeneous  turbu¬ 
lence:  in  experiments,  usually  conducted  in  steadily  oper¬ 
ating  wind-tunnels,  turbulence  is.  at  best,  transversely  ho¬ 
mogeneous  but  changes  statistically  along  (lie  direction  of 
the  mean  stream;  in  DNS,  turbulence  is  nearly  homoge¬ 
neous  within  the  computational  domain  but  it  is  allowed 
to  change,  statistically,  with  time.  The  usual  convention 
is  that  wind-tunnel  turbulence  can  be  considered  as  nearly 
homogeneous  in  a  frame  convccted  with  the  mean  speed, 
if  its  statistical  properties  do  not  vary  appreciably  within  a 
volume  which  is  small  compared  to  die  dimensions  of  the 
apparatus,  but  large  compared  to  the  size  of  the  most  ener¬ 
getic  turbulent  eddies.  Then,  one  can  follow  the  temporal 
evolution  of  this  flow  in  terms  of  the  mean  convection  lime, 
which  is  proportional  to  the  strcannvi.se  distance  from  an 
actual  or  effective  flow  origin. 

Turbulence  can  only  be  homogeneous  if  its  production  rate 
is  uniform  in  space;  similarly,  transversely  homogeneous 
turbulence  can  only  be  preserved  if  its  production  rate  is 
uniform  on  a  transverse  plane.  The  simplest  possible  case 
occurs  when  the  turbulence  production  rate  vanishes  ev¬ 
erywhere,  in  which  case  the  turbulent  kinetic  r  icrgy  would 
deiuv.  Another  relatively  simple  configuration  is  the  (rec¬ 


tilinear)  homogeneous  shear  flow,  also  known  as  uniformly 
sheared  flow.  Various  relatively  mild  distortions  from  these 
'pure'  configurations,  such  as  uniform  strain  and/or  stream  - 
line  curvature,  can  also  be  included  within  each  class.  Geo¬ 
metrical  distortions  of  the  (low  domain  or  additional  strain 
rates  may  introduce  additional  production  terms  in  the  Reyn¬ 
olds  stress  balance  equations,  or  affect  production  implic¬ 
itly  by  modifying  the  turbulent  shear  stress.  Of  special  in¬ 
terest  in  many  applications,  including  flows  in  lurboma- 
ehinery  and  planetary  flows,  are  the  effects  of  rotation, 
Rotation  introduces  centrifugal  and  Coriolis  accelerations, 
which  affect  the  turbulent  kinetic  energy  unci  the  turbu¬ 
lence  structure.  Rotation,  curvature  and  buoyancy  have 
been  identified  as  analogous  mechanisms,  so,  with  pro-per 
care,  knowledge  of  the  effects  of  one  mechanism  may  be 
used  to  understand  the  effects  of  the  others. 

Homogeneous  turbulence  has  been  studied  by  all  available 
means  for  as  long  and  as  intensely  as  any  other  class  of 
flows.  Its  obviously  appealing  features  arc  the  relative  sim¬ 
plicity  of  the  statistical  equations  of  motion  and  the  lack  of 
interfering  factors,  such  as  wall  and  entrainment  effects.  In 
particular,  its  subclass  of  homogeneous  and  isotropic  (i.e. 
one  whose  statistical  properties  are  invariant  under  rota¬ 
tions  and  reflections  of  the  coordinate  system)  turbulence 
is  mathematically  the  simplest  possible  turbulence  that  can 
be  devised.  On  the  other  hand,  the  argument  has  also  been 
made  that  lack  of  production  and  preferential  orientation  of 
the  turbulent  eddies  complicates  rather  than  simplifies  'he 
turbulence  structure.  Another  drawback  of  homogeneous 
flows  is  that  they  do  not  occur  in  nature  or  in  technology, 
which  reduces  their  direct  applicability.  Despite  these  lim¬ 
itations.  homogeneous  flows  continue  to  play  a  very  im¬ 
portant  role  in  the  advancement  of  turbulence  research  and 
maintain  a  firm  position  as  test  cases  for  the  adjustment 
and  verification  of  new  theories  and  models. 

3.1.2  The  reported  parameters 

Although,  ideally,  all  measured  and  computed  values  of 
each  parameter  should  correspond  to  the  same  or  equiv¬ 
alent  mathematical  definitions,  in  practice,  discrepancies 
have  been  introduced  in  the  literature,  either  by  the  use 
of  different  definitions  or  by  different  types  of  approxima¬ 
tion  to  the  original  definition.  To  avoid  any  confusion,  it 
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seems  worthwhile  to  summarize  the  definitions  ami  mea- 
surcmcnl/computation  procedures  used  for  the  main  pa¬ 
rameters  reported  in  the  present  chapter. 

Experiments 


Direr t  nttmerieni  siimtUitions 

Quantities  used  in  these  simulations  follow  tire  definitions 
in  { 161.  The  r.m.s.  one-component  velocity  is  computed 
from  the  three-dimensional  energy  spectrum,  E{k),  as 


The  mean  and  r.m.s.  velocity  components  are  routinely 
computed  by  time  or  ensemble  avei-aerne  olTI'e  correspond¬ 
ing  fluctuating  signals.  The  integral  length  scales  are  for- 
lially  defined  as  the  integrals  of  the  corresponding  two- 
point  correlation  coefficients;  for  example,  the  sircamwise 
integral  length  scale,  which  is  by  far  the  most  commonly 
reported,  is  defined  as 


L-  f  /?„„(/*.  0,0)  r/r. 

A ) 

In  practice,  however,  this  scale  is  usually  computed  by 
integrating  the  sircamwise  auto  correlation  coefficient  to 
its  first  zero,  or  to  near  zero  values,  in  combination  with 
Taylor's  frozen  flow  approximation.  Occasionally,  integral 
length  scales  have  been  estimated  from  one-dimensional 
spectra  (see  below).  The  measurement  of  the  Taylor  mi¬ 
croscale,  A.  could  also  be  a  source  oT confusion.  The  orig¬ 
inal  definition  1 16]  of  the  Taylor  microscale,  A,,,  involves 
a  limiting  process  of  a  two-point  correlation  in  a  direction 
normal  to  the  direction  of  the  correlated  velocity  compo¬ 
nents,  for  example,  as 


2  u* 


I/'.! 


(Du/otiy 


A  different  approach,  used  most  often  by  experimenters, 
is  to  estimate  this  microscale  from  the  streamwisc  velocity 
lime  series  as 


[(O'ljcll)- 

Allhough  in  isotropic  turbulence  the  two  definitions  coin¬ 
cide,  in  shear  Hows  lire  latter  definition  produces  suhslan 
lially  larger  microscales  than  the  former  one  does  [207|. 
Another  approach  that  has  occasionally  been  used  is  to 
compute  A  from  the  turbulent  kinetic  energy  dissipation 
rate,  r,  estimated  as  the  balance  of  other  measurable  terms 
in  the  kinetic  energy  equation.  In  the  hitter  ease,  the  as¬ 
sumption  of  local  isotropy  is  also  employed  (see  below). 
The  turbulence  Reynold;;  number  lor  isotropic  turbulence 
is  unambiguously  defined  as  lit  \  -  n'X.Jt'.  In  non- 
isotropic  flows,  however,  the  use  ol  dillercnt  definitions 
and  estimation  methods  for  the  microscale  and  the  turbu¬ 
lence  scale  (for  example,  the  use  of  the  r.m.s,  sircamwise 
velocity  or  the  r.m.s.  turbulence  kinetic  energy)  has  created 
substantial  ambiguity  in  the  meaning  of  /?<■*.  It  is  nd\ us¬ 
able  to  consult  with  the  original  source  of  experimental  or 
numerical  data  for  the  appropriate  definition. 


Toe  instantaneous  energy  dissipation  rate,  r.  is  computed 
as 

f  =  ^  2i>  [  k'2E(k)  ilk. 

J  a 

The  integral  length  scale  is  computed  as 


L 


k~}  E(k)  (Ik, 


and  the  Taylor  microscale.  A,  is  defined  from  A*  -  lfii'i il2/i. 
The  microscale  Reynolds  number  is  defined  as  lir,\  — 
ii'X/k  and  the  large  eddy  turnover  time  as  T  —  L/it1. 


3.1.3  The  uncertainly  of  the  reported  results 


lint-wire  iiictnnrini ;  ttnrrrltiinty 

Because  all  presently  reported  measurements  In  homoge¬ 
neous  (lows  were  taken  with  hot-wire  anemometers,  their 
uncertainty  stems  mainly  from  tin;  construction  and  use  of 
that  instrument.  However,  a  general  characterization  of 
modern  hot  wire  uncertainty  [30|  might  mu  apply  to  all 
reported  experimental  results,  which  span  several  decades 
and  are  concurrent  with  such  important  technological  ad¬ 
vances  ns  the  integrated  circuit,  the  fast  Fourier  tinnsform 
and  the  digital  data  acquisition  and  processing.  Some  of 
the  classical  luit-wirc  measurements  were  obtained  with 
entirely  analog  means,  including  analog  linenrizers,  r.m.s. 
meters,  correlators  and  delay  lines,  and  also  utilized  home¬ 
made  probes  and  iiislrtimenlalinn.  On  the  other  hand,  ho¬ 
mogeneous  Mows  are  relatively  free  of  sources  of  large  hot¬ 
wire  uncertainty  (e  g,  large  turbulence  intensity,  composi¬ 
tion  and  tempo  at  u  re  variations  and  Mow  reversal  land  care 
fill  experimenters  have,  over  a  long  time,  produced  reli¬ 
able  measurements,  particularly  those  of  velocity  moments 
and  other  parameters  depending  primarily  on  the  energy 
containing  and  menial-subrange  ranges  of  turbulent  scales. 

Hot-wire  uncertainly  has  systematic  and  random  compo¬ 
nents.  both  of  which,  according  to  the  latest  international 
conventions,  are  considered  at  a  standard  deviation  level. 
The  combined  uncertainly  of  a  measurement  at  a  given 
confidence  level,  usually  the  level  (i.e.  with  20.1 
odds  dial  the  true  value  would  he  v.  ithin  the  interval  whose 
boundaries  are  the  report,  d  value  plus/minus  the  reported 
uncertainty,  fm  large  samples,  the  value  ol  this  uncertainty 
is  equal  to  twice  the  mis  uncertainly,  which  has  been  cus- 
lomaiih  lepoilcd  m  the  past),  can  he  estimated  by  prop- 
ei l\  combining  all  existing  uncertainties  ami  taking  into 
account  possible  correlations  among  the  different  uncer¬ 
tainties  [36.  37],  Among  the  mam  sources  ol  systematic 
uncertainty  are  dulls  in  die  velocity  or  tcinperntine  of  the 


flow-producing  facility,  imperfections  in  the  fabrication  of 
the  probe,  dirt  accumulation  and  aging  effects,  misalign¬ 
ment  with  the  flow  direction,  hot-wire  length  and  spacing 
effects  (spatial  resolution),  differences  between  calibration 
and  test  conditions,  inadequacy  of  the  calibration  relation¬ 
ship,  instrumentation  offsets  and  human  errors.  These  ef¬ 
fects  arc  usually  impossible  to  trace  backwards  from  pub¬ 
lished  results  and  the  best  available  means  of  estimating 
the  resulting  uncertainty  would  be  to  consider  combina¬ 
tions  of  some  typical  uncertainties,  while  relying  on  the  ex¬ 
perimenter's  experience  to  exclude  others.  Random  uncer¬ 
tainty  may  be  traceable  in  the  form  of  scatter  and  includes 
instrumentation  noise,  inadequate  sample  size  uncertainty 
and  random  occurrences  of  systematic  errors,  for  example, 
effects  of  a  fluctuating  temperature  on  velocity  measure¬ 
ment  and  varying  misalignment  during  probe  traversing. 

An  updated  analysis  of  cross-wire  uncertainty,  conform¬ 
ing  to  current  standards,  has  hecn  performed  in  [81)  and 
applied  to  the  measurements  of  [881.  It  accounts  for  curve- 
filling  uncertainly  of  calibration  data  to  King's  law  and  un¬ 
certainty  in  the  determination  of  sensor  and  probe  body 
orientations,  which  are  the  main  contributors  to  the  uncer¬ 
tainty  of  first  and  second  moments,  while  it  proves  that 
electronic  noise  and  finite  sample  uncertainty  are  higher 
order  effects,  at  least  when  modern  instrumentation  and 
methods  are  used.  As  typical  estimates  of  measuring  un¬ 
certainty  in  homogeneous  (lows,  one  could  use  the  follow¬ 
ing  results  of  this  study: 

Mean  streamwise  velocity  component:  ±2%. 

Mean  transverse  and  spanwise  velocity  components:  ±3% 
of  the  mean  streamwise  component. 

Streamwise  Reynolds  stress;  A4%. 

Transverse  and  spanwise  Reynolds  siresses:  ±8%. 

Dominant  Reynolds  shear  stress  (for  shear  flows):  ±8%. 

Shear  stress  correlation  coefficient:  i0.03. 

Turbulent  kinetic  energy:  A3%. 

The  uncertainly  of  the  streamwise  mean  velocity  and  stream 
wise  mean  stress  decreases  substantially  if  these  parame¬ 
ters  arc  measured  with  single  wires.  The  typical  uncer¬ 
tainty  in  other  measured  properties  is  more  difficult  to  esti¬ 
mate,  in  view  of  the  wide  diversity  in  measuring  instru¬ 
mentation  and  procedures,  integral  length  scales  would 
likely  have  an  uncertainly  comparable  to  that  of  the  corre¬ 
sponding  stress.  The  directly  measured  Taylor  microscale 
is  very  sensitive  to  the  spatial  and  temporal  resolution  of 
the  hot-wire  probe  and  il  is  more  likely  to  be  systematically 
overestimated,  often  by  a  relatively  large  percent,  in  which 
case  a  correction  must  be  applied  to  the  measurements. 

Uncertainties  in  numerical  simulntitms 

There  are  virtually  no  measurement  uncertainties  in  mod¬ 
ern  direct  numerical  simulations.  The  numerical  errors  in 
a  high-quality  spectral  code  may  easily  be  below  the  Ur-1 
level.  This  does  not  mean,  however,  that  the  results  arc 


accurate  to  that  precision.  The  relation  of  numerical  with 
physical  experiments  has  been  discussed  in  chapter  I .  Here 
we  briefly  discuss  the  reliability  of  the  simulations. 

Tlte  main  uncertainty  in  the  results  of  numerical  simula¬ 
tions  is  statistical.  Computations  are  seldom  run  long  enough 
to  reach  totally  converged  statistics.  In  steady-state  forced 
cxpeiimcnts,  like  those  in  HOM03,  tlte  .uniting  time  is 
equivalent  to  a  few  eddy-turnover  times.  In  unsteady  cases 
like  HOM02  or  HOM23-25,  they  correspond  to  single  re¬ 
alizations.  Moreover,  the  computational  boxes  arc  only  big 
enough  to  contain  a  few  large  eddies. 

If  wc  assume  that  the  smallest  uncorrelatcd  eddies  in  a  tur¬ 
bulent  flow  have  diameters  of  the  order  of  10r/,  a  large 
simulation,  like  the  A 1 2J  forced  case  in  HOM02,  contains 
roughly  5x  10r’  uncorrelatcd  eddies.  Since  the  statistics  arc 
compiled  over  a  few  flow  fields,  the  sample  is  equivalent  to 
a  few  million  eddies.  The  uncertainties  of  small-scale  sen¬ 
sitive  quantities,  like  vorticilies  or  gradients,  can  therefore 
be  expected  to  be  small,  of  the  order  of  lO'3. 

On  the  other  hand,  the  ratio  of  the  box  size  to  the  inte¬ 
gral  length  is  typically  about  3,  whiclt  implies  that  the  total 
number  of  large  eddies  in  the  samples  is  0(100),  and  that 
the  statistical  uncertainty  of  large-scale  properties,  such  as 
energy  densities  or  Reynolds  stresses,  is  ol  the  order  of 
10%. 

An  exception  is  HOM02,  which  was  specifically  designed 
to  improve  the  large-scale  statistics  and  can  probably  lie 
trusted  to  tlte  level  of  3-5%,  even  for  those  quantities. 

3.2  Isotropic  and  grid  turbulence  and  their 

distortions 

3.2.1  Experiments 

Decaying  grid  turbulence 

Since  the  earliest  known  experiments  tin  grid  turbulence  in 
1034  |19l).  a  large  number  of  experimental  studies  have 
been  conducted,  involving  stationary  grids,  screens  and 
perforated  plates,  swept  grids,  oscillating  grids,  grids  with 
injection,  nozzle-type  grids,  and.  most  recently,  grids  with 
randomly  rotating  rods  cat  tying  winglcts,  thus  resulting  in 
very  large  Rey  [  1 54).  The  most  widely  used  published 
data  arc  those  by  C’omtc-IScllot  and  Cnrrsin  (40, 411.  These 
results,  presented  here  as  ease  IIOMQO,  are  well  docu¬ 
mented,  particularly  on  spectral  statistics,  and  have  been 
used  almost  exclusively  in  the  development  of  DNS,  LliS 
and  turbulence  models,  thus  providing  a  bridge  to  the  com¬ 
putational  and  theoretical  literature.  They  achieved  a  par¬ 
ticularly  good  isotropy  (with  the  r.m.s.  velocities  equal  to 
each  oilier  within  less  than  5%)  by  passing  the  grid  tur¬ 
bulence  through  a  slight  (1.27:1)  contraction  These  anil 
many  other  experiments  in  the  incompressible  regime  have 
established  that  the  kinetic  energy  of  grid  turbulence  de¬ 
cays  with  distance  from  an  effective  origin,  anti  can  he 
filled  by  a  power  law  with  an  exponent  in  the  range  be¬ 
tween  1 .2  and  1.3.  The  analylical/numcrical  prediction  of 
a  proper  decay  exponent  remains  a  major  challenge. 
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Figure  1:  P.d. I',  of  longitudinal  velocity  differences  in  grid 
turbulence. 

The  Conue-Bcllot/Corrsin  results  will  be  supplemental  with 
some  recent  measurements  [59)  ofprobabilitydcnsiiy  func¬ 
tions  (p.d.f.)  of  velocity  differences  in  decaying  grid  turbu¬ 
lence,  presented  ns  ease  HOMO  I .  These  include  p.d.f.  of 
both  stremnwise  and  transverse  velocity  differences  over 
distances  corresponding  to  the  inertial  subrange  of  the  cn 
orgy  spectrum,  which  would  be  particularly  useful  to  ITS 
development.  As  typically  shown  in  figure  I,  these  p.d.f. 
arc  skewed  when  the  distance  between  points  is  much  smaller 
than  the  integral  length  scale.  L  (compare  these  results  to 
the  skewness  of  the  velocity  derivative  1 206))  and  approach 
the  Gaussian  p.d.f.  as  this  distance  becomes  comparable  to 
L,  indicating  that  the  two  velocities  become  statistically 
independent. 

Grit!  turbulence  subjected  to  plane  .Hraiimj 

From  ils  inception,  grid  turbulence  has  also  served  as  the 
initial  stale  from  which  turbulence  is  allowed  to  develop  to 
a  distorted,  more  complex,  state.  The  development  of  grid 
turbulence  in  distorted  duets  was  first  studied  in  conjunc¬ 
tion  with  the  development  of  the  Rapid  Distortion  theory 
1 136,  214J,  but  the  experiments  that  have  been  referenced 
the  most  are  those  by  Tucker  and  Reynolds  [216).  which 
include  a  case  of  lateral  distortion  in  a  duel  with  a  reel- 
angular  cross-section  of  constant  area  but  varying  hcigln- 
lo-width  ratio,  such  that  there  was  no  streamwise  mean 
strain  rale,  These  results  will  be  presented  here  as  ease 
HOMO!.  More  recently,  several  studies  dealing  with  the 
adjustment  of  turbulence  energy  and  structure  following 
application  of  one  or  more  plane  strain  rates  and  their  re¬ 
moval  have  been  published.  This  was  achieved  In  pass¬ 
ing  grid  turbulence  through  distorting  ducts  with  cllipti 
cal  [67,  6fh  1 24 1  or  rectangular  |  I  I6|  cross-sections  As 
representative  results  for  the  application  of  a  single  plane 
strain,  wc  have  selected  ease  HOM05  I  I24|  and.  fur  two 
successive  plane  strains,  case  HO1VIO6  [67 1  IIOM05  has 


the  distinct  feature  of  presenting  the  development  of  the 
correlation  coefficient  vtr/r'tr '  under  the  influence  of  a 
transverse  strain:  it  reaches  values  comparable  to  those 
of  uefu'v'  in  shear  flows.  HOM06  documents  the  ad¬ 
justment  of  anisotropic  turbulence  to  an  additional  plane 
strain.  Finally,  as  a  representative  study  of  the  recovery 
of  turbulence  towards  isotropy  after  the  removal  of  plane 
strain,  wc  present  ease  HOM07  [  I  I6|.  This  work  docu¬ 
ments  that  the  rate  of  return  towards  isotropy  depends  on 
the  initial  energy  partition  to  it:,  components:  it  is  faster 
when  the  turbulence  is  initially  nearly  axisytnmeliic  and 
slower  when  one  of  (he  two  transverse  components  is  sub¬ 
stantially  larger  than  the  other  one. 

3.2.2  Direct  numerical  simulations 

Because  of  its  simplicity,  isotropic  turbulence  has  histori¬ 
cally  been  the  subject  of  some  of  the  the  largest  numeri¬ 
cal  simulations  at  any  given  lime.  It  is  usually  modelled 
as  a  periodic  cubic  numerical  box.  without  solid  bound¬ 
aries.  using  spectral  numerical  schemes  similar  In  spirit 
or  in  detail  to  the  one  described  in  (176).  We  will  re¬ 
strict  ourselves  to  incompressible  flows.  High  quality  com¬ 
pressible  turbulent  codes  have  only  recently  appeared,  al¬ 
though  they  already  include  fairly  large  calculations  1 170. 
106).  Because  of  the  possibility  of  discontinuities,  the  lat¬ 
ter  codes  are  usually  not  spectral,  and  rely  on  high-order 
finite-differences  or  finite-volumes  techniques. 

There  is  general  agreement  that  the  large  scales  of  isotropic 
incompressible  equilibrium  turbulence  are  essentially  in¬ 
dependent  of  the  Reynolds  number,  which  would  seem  to 
imply  that  a  single  simulation,  at  sufficiently  high  Reynolds 
number,  should  he  enough  to  characterize  this  flow.  This 
has  turned  out  to  lie  an  oversimplification.  In  (he  first  place 
non  equilibrium  effects  are  important,  and  several  simula¬ 
tions  have  centred  on  the  differences  between  forced  and 
decaying  turbulence,  and  on  the  influence  on  the  latter  of 
the  form  of  the  initial  energy  spectrum  |202|.  Another 
complication  is  the  intermittent  behaviour  of  turbulence 
(17),  which  is  known  to  depend  on  Reynolds  number,  and 
which  has  motivated  a  number  ol  simulations  of  foiced 
turbulence,  which  at  present  include  the  highest  Reynolds 
number  simulations  available. 

Decaying  flows 

Lixpei  imental  realizations  of  decaying  turbulence  are  usu¬ 
ally  approximated  by  the  spatial  damping  of  properly  ma¬ 
nipulated  grid  turbulence,  with  the  best  known  example 
being  |4lj.  This  experiment  lias  historically  become  one 
ol  the  first  benchmarks  against  which  to  lest  new  sub-grid 
scale  I  .ITS  models,  particularly  their  ability  to  match  the 
time  evolutions  of  the  turbulence  kinetic  energy  and  of 
the  energy  spectrum  Because  neither  grid  luihulcncc  nor 
numerical  simulations  are  perfectly  isotropic,  increasingly 
delailed  simulations  of  temporally  decaying,  spatially  pe 
riodie.  numerical  analogs  of  |-1 1 1  have  been  undertaken  pe¬ 
riodically.  so  as  lo  serve  as  comparison  with  l.l-S  and  to 
remove  one  of  the  possible  sources  of  dis.-greement  1 1 4 1 ). 
The  challenge  is  lo  include  enough  ol  the  large  se.de  spec 
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trum  while  retaining  adequate  resolution  of  the  small  scales 
at  the  Reynolds  numbers  of  the  experiments, 

A  new  simulation  of  this  flow  is  included  in  the  data  base 
as  ease  HOM02,  It  was  carried  ai  a  numerical  resolution 
of512:i  (&mn.T  —  24]),  using  the  code  in  [176],  The  flow 
was  initialized  with  random  phases  at  an  initial  Re\  — 
945,  and  was  allowed  to  decay  to  Rp\  fs  GO.  Only  results 
with  Rr\  below  about  105  arc  included  in  the  data  base, 
as  corresponding  to  a  flow  that  had  sufficient  time  to  relax 
from  the  initial  conditions. 


hi 


Figure  2:  Evolution  of  the  three-dimensional  energy  spec¬ 
tra  of  decaying  isotropic  turbulence  at  comparable  times. 
Lines  arc  simulations  from  case  HOM02.  Symbols  repre¬ 
sent  measurements  from  HOMOO.  - and  ■  ,  Rc,\  — 

71.5; - and  •.65.1; - and  *  ,  60.7. 


An  important  issue  in  simulations  is  the  specification  of 
initial  conditions.  Most  simulations  of  turbulence  arc  ini¬ 
tialized  with  a  random  flow  held  having  a  given  spectrum 
but  uneorrelaled  phases.  It  is  easy  to  show  that  such  a 
held  does  not  dissipate  energy  significantly  until  the  veloc¬ 
ity  develops  short  term  correlations.  The  skewness  of  the 
velocity  derivative,  which  is  an  indicator  of  non-linear  in¬ 
teractions  is,  typically,  initially  zero,  it  increases  rapidly  to 
a  maximum,  and  then  it  decreases  slowly  as  the  Reynolds 
number  of  the  decaying  turbulence  decreases.  Different 
initial  conditions  result  in  different  initial  transients,  which 
model  only  poorly  the  development  of  turbulence  closely 
behind  the  grid;  this  is  one  of  the  major  causes  of  disagree¬ 
ment  between  experiments  and  simulations.  The  data  set  in 
the  present  data  base  includes  a  flow  field,  filtered  to  a  res¬ 
olution  128:t,  with  an  energy  spectrum  corresponding  to  a 
Reynolds  number  somewhat  larger  than  (he  most  upstream 
station  in  |4I],  but  with  fully  developed  correlations.  This 
field  develops  numerically  into  flows  with  spectra  which 
follow'  closely  those  in  the  experiment  (figure  2).  This  ease 
may  be  concluded  to  have  fairly  realistic  initial  conditions 
and  is  recommended  for  comparisons  with  LF.S  attempting 
to  simulate  decaying  isotropic  turbulence. 


Forced  flows 


One  of  the  main  motivations  for  the  simulations  of  forced 
isotropic  turbulence  has  been  the  study  of  intcrmiltcncy. 
It  has  been  known  for  a  long  time  that  the  original  Kol- 


Figurc  3:  P.d.f.  of  transverse  velocity  differences  for 

Ax /L  =  1/3,  and: - ,  R.r,x  -  62; .  ,  95, - , 

142;- - •,  168.  o  .Gaussian. 


Figure  4;  P.d.f.  of  transverse  velocity  differences  for 
A x/L  =  1/3,  and  R(\  =  142.  Velocities  arc  low-pass  fil¬ 
tered  with  Gaussian  spectral  windows  ex\)(-k2  II2),  with: 

- ,  H/L  =  0; - ,  0.025, - ,  0.05, .  ,0.1. 

o  ,  Gaussian. 


mogorov  hypothesis  [109],  according  to  which  all  turbu¬ 
lent  velocity  differences  within  the  inertial  range  should  he 
statistically  similar,  is  not  precisely  satisfied.  It  was  found 
first  that  the  p.d.f.  of  velocity  derivatives  arc  non-Gaussian 
and  Reynolds  number  dependent  [17],  and  it  has  become 
clear  since  then  that  non-Gaussian  behaviour  is  also  dis¬ 
played  by  two-point  velocity  differences:  their  statistics 
change  gradually  from  Gaussian  to  non-Gausssian  as  the 
separation  distance  is  decreased  from  tire  ir.  egral  length 
scale  to  the  Kolmogorov  microscale  [101].  In  fact,  the  de¬ 
pendence  ol  the  structure  functions  (moments  of  the  veloc¬ 
ity  differences)  on  separation  distance  has  been  used  as  a 
test  for  the  different  theories  on  intcrmiltcncy  [  1 1 0J . 

There  is  experimental  evidence  that  the  p.d.f.  of  the  ve¬ 
locity  differences  are  only  functions  of  the  separation  dis¬ 
tance,  normalized  with  the  integral  length  scale  of  the  flow, 
and  therefore  essentially  independent  of  Reynolds  num¬ 
ber.  as  long  as  the  separation  distance  is  within  some  ‘ex- 
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'ended’  inertial  range  [101.  77) ;  the  same  result  has  also 
been  found  by  numerical  simulations  (figure  3).  More¬ 
over,  for  separations  large  compared  to  the  Kolmogorov 
microscale,  these  p.d.f.  are  independent  of  the  details  of 
the  small  turbulent  scales,  and.  thus,  could  be  measured 
with  probes  which  are  too  large  to  resolve  the  dissipative 
length  scales.  Prom  this,  one  may  conclude  that,  in  numeri¬ 
cal  simulations,  the  p.d.f.  ol  velocity  differences  should  he 
insensitive  to  spatial  filtering  of  the  velocity  field,  at  least 
as  long;  as  the  filler  width  is  narrower  than  the  separation 
distance  (figure  4).  A  ‘good’  LPS  should  also  he  able  to 
reproduce  intermittent  p.d.f.  at  the  resolved  scales. 
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Figure  5:  Normalized  third  order  structure  functions  for 
the  forced  simulations  in  the  data  base.  For  an  asymptotic 
inertial  range,  the  function  should  he  equal  to  0.8.  Lines 
arc  as  in  figure  3.  Symbols  arc  jet  at  /0'.\  =  852  from  |5| 

The  study  of  the  phenomenon  of  intermillcney  has  moti¬ 
vated  several  simulations  of  forced  cubic  periodic  turbu¬ 
lent  boxes  )2I9.  181,  34] .  The  numerical  codes  arc  gen 
crally  the  same  as  those  used  for  decaying  turbulence,  but 
the  flow  is  driven  by  energy  input  at  its  large  scales  so  as 
to  achieve  a  statistically  stationary  stale.  The  forced  simu¬ 
lations  have  achieved  somewhat  higher  Reynolds  numbers 
than  the  decaying  simulations,  because  they  bypass  the  ini¬ 
tial  transient  in  the  formation  of  the  turbulent  structure, 
during  which  some  decay  is  inevitable.  Forcing  also  im¬ 
proves  the  statistics  at  a  given  Reynolds  number,  because 
the  llow  can  be  observed  for  as  long  as  the  simulations 
run.  On  the  other  hand,  forcing  introduces  an  unnatural 
behaviour  of  the  large  scales. 

The  data  base  includes  a  set  of  simulations  (HOM03)  at 
various  Reynolds  number...  nil  of  which  were  obtained  with 
•he  same  ctiuc  and  forcing  scheme  [176],  and  at  the  same 
resolution  in  Kolmogorov  units.  The  reported  simulations 
are  in  the  rar.ee  30  <  Ilr\  <  ]f>,S.  In  general,  onlv  statisti¬ 
cal  averages  art.  eiven.  both  because  initial  conditions  are 
irrelevant  tor  driven  Hows,  ami  because  the  lie  Ids  are  too 
large  in  most  cases  It."  inclusion  However,  a  single  llow 
field  from  the  Zir.,  =  '.id  simulation  has  been  included, 
filtered  to  ,32''  resolution,  to  he  used  as  initial  conditions 
in  i  HS  experiments.  A  version  of  this  held,  at  128'  reso 
lulioii.  has  been  used  as  the  initial  condition  for  the  DN.S 


computation  of  rotating  turbulence  in  HOMI3. 

These  simulations  achieved  Reynolds  numbers  which  are 
among  the  largest  available  at  the  moment,  in  some  cases, 
f{<  \  is  large  enough  for  the  dissipation  to  reach,  its  asymp¬ 
totic  value,  and  for  most  sealing  laws  its  settle  to  their  large - 
lit  v  behaviours  |94[.  It  should  he  realized,  however,  that 
the  spectra  of  these  simulations  do  not  actually  contain  an 
equilibrium  inertial  range  This  can  he  seen  in  figure  .3. 
which  tests  the  validity  ol  the  Kolmogorov  '4/5'  law.  which 
should  hold  in  the  scir-similar  range  of  scales  for  which 
neither  viscosity  nor  forcing  are  important.  According  to 
Kolmogorov's  hypothesis,  the  quantity  plotted  in  the  figure 
should  he  equal  to  1/5  in  the  inertial  range  Nevertheless, 
none  of  the  plotted  curves  reaches  that  value,  although  the 
simulations  with  the  highest  //<  v  show  a  tendency  to  ap- 
proaen  it.  The  same  conclusion  follows  from  the  analysis 
of  the  energy  spectra  [93).  which  suggests  that  an  inertial 
range  would  not  appear  until  Hi  \  becomes  at  least  600. 

3.3  Rotating  turbulence  and  its  distortions 

3.3.1  Experiments 

Ail  measurements  reported  here  were  taken  in  the  same  ba¬ 
sic  facility,  at  ONLKA.  France.  Rigid  body  rotation  (about 
its  strcatrmisc  axis)  was  imposed  on  an  air  stream  hy  pass¬ 
ing  it  through  a  rotating  cylindrical  duel  equipped  with  a 
relatively  long,  line-mesh,  honeycomb.  Turbulence  was 
produced  hy  a  grid,  positioned  near  the  exit  of  the  rotat¬ 
ing  duel,  and  then  it  was  let  to  develop  in  a  non  rotating 
downstream  section. 

The  simplest  configuration  occurs  when  the  downstream 
duel  is  also  cylindrical,  in  which  ease  the  rotating  turbu¬ 
lence  is  left  to  decay.  This  is  presented  here  its  case  HOM  1 0 
1 9 2 1 .  which  largely  supersedes  an  earlier  study  in  a  similar 
configuration  1 2 2 3 ]  anil  is  closer  to  being  homogeneous 
(away  from  the  walls)  than  any  previous  attempt  to  pro¬ 
duce  rotating  turbid  nee  using  a  variety  of  different  eon- 
figurations.  The  mean  speed.  in  the  duet  was  fixed 
and  different  conditions  were  achieved  hy  changing  the 
grid  (three  different  mesh  sizes,  M )  and  the  rale  of  rota 
tion  SJ  (live  different  rates,  including  the  rofereiicc  case 
of  no  rotation),  within  the  range  of  grfr/  '  <y  niiirbcn. 
n<>u  -  r/2U.\r.  ftom  95.4  to  4  (excluding  the  no  ro 
tation  ease).  Measurements  include  the  decay  rates,  inte¬ 
gral  length  scales  and  energy  spectra  of  the  streaimvi.se  and 
transverse  velocity  components.  The  effects  of  rotation  on 
the  turbulence  have  been  characterized  h\  the  value  of  the 
lurhiilnil  Kos\h\  immhn.  Hn,t  —  (l/S!)/(r/’/r )  which 
can  he  connected  to  the  grid  Rosshy  numher  through  the 
turbulent  kinetic  energy  equation  The  results  show  that 
the  elleels  of  rotation  on  the  turbulence  structure  and  de¬ 
cay  rate  become  measurable  only  for  lh>.t  <  1.  The  main 
elleels  are  an  overall  decrease  <4  die  decay  rate  of  the  ki¬ 
netic  cneigs  and  an  enhancement  of  anisotropy,  with  Ills' 
transverse  components  losing  cncigv  through  dissipation 
slower  than  the  slreamwise  one  does.  At  any  rate,  the  cl- 
feets  ol  lotation  in  these  experiments  are  far  from  spcclac- 
ulat.  so  one  would  expect  that  they  can  only  be  predicted 
hv  refilled  theoretical  or  numciical  studies. 
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In  subsequent  studies,  rotating  grid  turbulence,  generated 
as  above,  lias  been  subjected  to  different  distortions  by 
passing  through  ducts  with  varying  cross-sections,  Case 
HOM12  is  a  combination  of  rigid  body  rotation  and  ax- 
isymmetric  straining,  achieved  with  the  use  of  an  axisym- 
metric  contraction  as  the  downstream  duct  [128,  127],  Two 
ducts,  with  the  same  contraction  ratio  but  different  lengths, 
were  used.  Compared  to  non-rotating  grid  turbulence  sub¬ 
jected  to  the  same  axisymmetric  strain,  rotating  turbulence 
displays:  a)  a  non-uniformity  of  the  radial  distribution  of 
the  mean  velocity,  although  sufficiently  weak  to  ensure  ap¬ 
proximate  homogeneity  of  the  turbulence  near  the  axis, 
b)  a  reduced  decay  rale,  especially  that  of  the  streamwisc 
component,  and  c)  a  reduction  of  the  Reynolds  stress  an¬ 
isotropy,  mainly  as  a  result  of  reduced  streamwisc  energy 
component  decay. 

Finally,  case  HOM 14  presents  the  development  of  grid  tur¬ 
bulence  in  solid  body  rotation  subjected  to  plane  strain 
[124, 126],  This  was  achieved  with  the  use  of  a  duct  having 
an  elliptical  cross  section  with  a  constant  cross-sectional 
area  blit  periodically  varying  axis  ratio  and  orientation.  Com¬ 
pared  to  a  corresponding  undistorted  grid  turbulence  with 
the  same  decay  time,  this  flow  maintained  substantially 
higher  energy  levels  and  appeared  to  reach  a  plateau  of  ki¬ 
netic  energy,  implying  a  balance  between  the  production 
and  dissipation  rates.  The  Reynolds  stress  anisotropy  ex¬ 
hibited  an  oscillatory  pattern. 

3.3.2  Direct  numerical  simulations 

The  numerical  simulation  of  rotating  turbulence,  like  those 
of  decaying  turbulence  and  homogeneous  shear  llow,  suf¬ 
fers  from  the  non-equilibrium  problem,  in  which  both  large 
and  small  scales  are  important.  All  available  simulations 
of  three-dimensional  rotating  turbulence  correspond  to  the 
spin-up  problem,  in  which  rotation  is  suddenly  imposed  to 
a  non-rotating  periodic  box,  containing  either  a  fully  devel¬ 
oped  or  a  random-phase  held  [21  1.  140J.  This  is  different 
front  the  experimental  configurations,  in  which  turbulence 
is  created,  by  a  mechanical  device,  in  a  previously  rotating 
fluid.  Therefore,  experiments  and  simulations  of  rotating 
turbulence  can  be  expected  to  be  comparable,  if  at  all,  only 
after  a  decay  time  which  is  .sufficiently  long  to  erase  the 
effect  of  the  initial  conditions.  This  requires  a  high  numer¬ 
ical  resolution  and  a  wide  range  of  scales,  which  have  only 
recently  become  possible.  Unfortunately,  no  appropriate 
simulation  on  rotating  tubulence  was  available  at  the  time 
of  publication  of  this  report. 

3.4  Uniformly  sheared  turbulence  and  its  dis¬ 
tortions 

3.4.1  Experiments 

By  this  term,  one  commonly  understands  a  rectilinear  fiov. 
with  a  uniform  transverse  mean  velocity  gradient,  such  that 
the  shearing  action  is  in  the  streamwisc  direction.  The 
exception  to  this  rule  is  one  experiment  [151],  to  be  pre¬ 
sented  here  as  case  riOM2(J,  in  which  the  mean  streamwise 
velocity  was  constant  and  the  shearing  occurred  on  trans¬ 
verse  planes.  This  was  achieved  by  superimposing  equal 


rates  of  rigid  body  rotation  and  plane  strain  on  grid  turbu¬ 
lence  in  a  duct  with  a  rotating,  cylindrical,  upstream  sec¬ 
tion  and  a  non-rotating,  elliptical,  downstream  section  hav¬ 
ing  a  constant  cross-sectional  area  but  varying  eccentricity 
and  orientation.  The  mean  shear  rate  in  these  experiments 
was  comparable  in  magnitude  with  typical  values  in  the 
streamwisc  shearing  experiments,  and  the  flow  maintained 
a  good  homogeneity.  There  was  a  consistent  development 
of  anisotropy  and  the  shear  stress  correlation  coefficient 
reached  values  comparable  to  those  in  other  shear  flows. 
Unfortunately,  the  development  time  in  the  test  section  was 
relatively  small  (the  maximum  total  strain  was  2.25),  so 
that  the  Reynolds  stresses  were  still  decreasing  at  the  end 
of  the  duct,  which  indicates  that  production  by  the  mean 
shear  was  still  not  the  dominant  process.  Despite  these  lim¬ 
itations.  however,  these  experiments  have  some  advantages 
over  the  other  shear  how  configurations:  decoupling  of  the 
shear  and  turbulence  generation  mechanisms,  well  defined 
entrance  conditions  (grid  turbulence)  into  the  sheared  sec¬ 
tion  and  turbulence  measurements  in  the  flow  development 
region. 

The  remaining  cases  in  this  section  correspond  to  conven¬ 
tional  uniformly  sheared  Hows.  The  idealized  concept  of 
homogeneous  sheared  turbulence,  attributed  to  von  Kar- 
man,  was  realized  experimentally  and  carried  to  maturity 
at  the  Johns  Hopkins  University  in  the  1960s  and  70s.  In 
these  and  all  subsequent  studies,  the  shear  was  generated 
by  passing  the  tiow  through  a  device  with  a  variable  resis¬ 
tance  and  some  care  was  taken  to  homogenize  the  initial 
length  scales.  The  first  detailed  study  with  a  reasonable 
transverse  homogeneity  had  a  relatively  low  mean  shear 
[32]  and  is  known  to  suffer  from  insufficiently  developed 
turbulence  structure;  one  should  avoid  using  this  work,  de¬ 
spite  its  frequent  past  use  in  many  computational  studies 
and  turbulence  models.  Higher  shear  experiments  [74, 207, 
208,  210)  have  resolved  this  problem.  Two  sets  of  inde 
pendent  experiments  will  be  presented  here:  case  HOM21 
[207,  208],  as  representative  of  the  Johns  Hopkins  exper¬ 
iments  and  ease  I10M22  [210).  as  representative  of  the 
University  ol  Ottawa  experiments.  Some  recent  [43]  ex¬ 
periments  at  very  high  shear  rates,  showing  a  dependence 
of  the  turbulence  structure  upon  the  mean  shear  and  similar 
to  DNS  results  [117,  HOM25],  are  not  detailed  enough  for 
the  present  purposes. 

Case  IIOM2I  largely  supersedes  all  earlier  [74]  experi¬ 
ments  in  the  same  facility  and  is  the  best  documented  uni¬ 
formly  sheared  (low  experiment.  The  published  results 
[207,  208]  include  ample  information  about  the  fine  struc¬ 
ture  as  wall  as  spectra  and  p.d.f.,  however,  in  the  present 
database,  wc  present  only  the  most  essential  statistics,  name¬ 
ly  the  development  of  Reynolds  stresses,  integral  length 
scales  and  microscales  and  sonic  two-point  correlations. 
Case  HOM22  includes  Hows  with  different  values  of  the 
mean  shear  and  initial  length  scale  and  is,  thus,  suitable  for 
detecting  any  possible  sensitivity  of  I.HS  results  to  those 
parameters.  Some  recent  measurements  [59]  of  p.d.f.  of 
velocity  differences  in  the  same  How,  have  also  been  pre¬ 
sented  as  case  HOM22.  These  include  p.d.f.  of  both  stream- 
wise  and  transverse  velocity  differences  overdistanccs  cor- 
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Figure  6:  P.d.f.  of  longitudinal  velocity  differences  in  uni¬ 
formly  sheared  turbulence. 


responding  to  the  inertial  subrange  of  the  energy.  As  typi¬ 
cally  shown  in  figure  6.  these  pdfs  are  non-Gaussinn  and 
skewed  when  the  distance  between  points  is  much  smaller 
than  the  integral  length  scale.  L,  and  approach  the  Gaus¬ 
sian  p.d.f.  us  this  distance  becomes  comparable  to  L,  indi¬ 
cating  that  the  two  velocities  become  statistically  indepen¬ 
dent.  Although,  qualitatively,  the  p.d.f.  in  shear  (low  re¬ 
semble  those  in  isotropic  turbulence,  quantitatively,  there 
arc  distinct  differences  between  the  two  sets,  only  part  of 
svhieh  can  he  attributed  to  differences  in  Rrx.  There  are 
also  differences  in  the  p.d.f.  of  velocity  differences  be¬ 
tween  points  separated  in  the  strenniwise  direction  from 
those  separated  in  the  transverse  direction.  These  differ¬ 
ences  appear  to  contradict  local  isotropy. 

Geometrical  distortions  of  uniformly  sheared  turbulence 
seem  to  he  fruitful  environments  for  testing  theoretical  hy¬ 
potheses  and  adjusting  computational  schemes.  It  is.  there 
fore,  somewhat  surprising  (hat  only  relatively  few  studies 
of  this  type  exist,  The  application  of  ireamwisc  strain  to 
uniformly  sheared  turbulence,  by  passing  li  through  two- 
dimensional  contractions,  will  be  presented  as  case  HOM26 
[204],  The  effects  of  centrifugal  actions  /  streamline  cur¬ 
vature  will  be  presented  as  cases.  HOM27  and  HOM28 
(82,  33],  in  which  fully  developed  uniformly  sheared  tur¬ 
bulence  was  passed  through  curved  ducts  with  a  constant  or 
abruptly  changing  radius  of  curvature.  There  have  been  no 
corresponding  DNS  for  these  types  of  experiment,  hm  the 
geometries  appear  to  be  quite  suitable  for  LliS  studies.  la 
particular,  these  experiments  document  both  the  rale  of  ad¬ 
justment  of  uniformly  shcarr  I  How  structure  to  additional 
strains  ns  well  as  the  quasi  self-similar  asymptotic  struc¬ 
ture  that  such  flows  achieve  under  the  prolonged  influence 
of  a  uniform  additional  strain. 


3.4.2  Direct  numerical  simulations 

As  noted  in  1 176|.  spectral  simulation  codes  for  isotropic 
turbulence  can  be  easily  adapted  to  homogeneous  shear 
llmv  by  a  simple  transformation  of  the  set  of  wavenum¬ 
bers.  This  approach  has  been  used  in  a  number  of  simu¬ 
lations.  The  transformation  is  equivalent  to  distorting  the 
computational  grid  with  the  mean  shear,  and  it  is  custom¬ 
ary  to  compensate  this  distortion  at  regular  intervals  hy 
re-interpolaling  the  flow  field  into  the  original  orthogonal 
grid  As  a  consequence.  In  these  simulations,  most  quanti¬ 
ties  are  only  available  at  the  discrete  interpolation  times. 

In  i lie  present  data  base,  we  have  included  three  different 
data  sets,  all  of  them  incompressible,  in  which  the  flow  is 
triply  periodic  in  a  parallelepiped  and  the  mean  shear  is  in 
the  r-<  direction.  An  equivalent  compressible  llow  simula¬ 
tion  at  moderate  Mach  numbers  can  be  found  in  [  187], 

The  first  set.  IIOM21  J 178).  contains  three  different  flow 
simulations,  with  different  combinations  of  viscosity  and 
shear.  The  same  simulations  contain  a  passive  scalar  field, 
subjected  to  an  imposed,  constant,  mean  scalar  gradient, 
Two  more  simulations  are  dynamically  identical  to  (lie  eases 
mentioned  above  (U),  but  with  different  Schmidt  numbers 
for  the  scalar. 

The  second  set.  IIOM24  [187|  has  a  Reynolds  number 
comparable  to  that  in  the  highest  value  ease  above,  hut 
uses  a  different  numerical  scheme  and  a  different  initial 
spectrum.  It  is  mcloded  to  allow  a  comparison  between 
diflerent  numerical  experiments  at  comparable  conditions. 

The  third  case.  HOM25  ( 1 17|,  lias  a  much  higher  dimen¬ 
sionless  shear  rale  than  the  other  two.  The  slrtielurc  of  this 
flow  was  found  to  he  different  from  those  at  low  shear  rates 
and  exhibited  longitudinal  velocity  streaks  similar  to  those 
in  the  near-wall  icgion  of  boundary  layers  and  pipes  (see 
also  |43|t. 

The  simulations  in  the  two  first  data  sets  were  started  from 
initially  random-phase  Tourier  modes  with  a  given  power 
spectrum,  while  that  in  the  third  set  was  started  from  fully- 
developed  isotropic  turbulence,  computed  in  a  previous  de¬ 
caying  turbulence  simulation.  The  diflerenec  in  the  subse¬ 
quent  development  is  seen  in  figure  7(a),  which  shows  the 
evolution  or  the  turbulence  Reynolds  number  for  all  simu¬ 
lations.  While  for  the  random  phase  initial  conditions  Urx 
shows  an  initial  decrease,  for  the  fully  developed  initial 
conditions  there  is  no  initial  relaxation  period. 

Figure  7th)  shows  the  evolution  of  the  dimensionless  shear 
rate.  S’  =  .S'qJ/<.  together  with  experimental  results  from 
|2l0j.  It  is  clear  that  the  long-time  numerical  values  dif¬ 
fer  from  each  other  and  from  the  experimental  ones.  One 
should  keep  in  mind,  however,  (hut.  in  these  simulations, 
most  of  which  used  a  128-1  gnd.  the  statistics  are  taken  over 
a  relatively  small  ensemble  oT  llow  structures  and  without 
the  benefit  of  tune  averaging.  Therefore,  the  oscillations  in 
individual  evolution  curves  are  most  likely  due  to  the  nu¬ 
merical  and  statistical  uncertainties.  On  die  olliei  hand, 
the  dimensionless  shear  rate  in  the  simulations  presents 
an  increasine  trend,  which  is  beyond  the  uncertainty,  and 
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which  is  not  present  in  the  experiments.  Such  differences 
should  not  necessarily  be  disconcerting  because  the  simu¬ 
lations  and  the  experiments  represent  somewhat  different 
kinds  of  flows  [207],  subjected  to  different  initial  condi¬ 
tions.  Even  so.  it  is  still  interesting  to  determine  whether 
the  simulations  and  the  experiments  attain  the  same  self¬ 
similar  asymptotic  regimes.  As  seen  above,  both  types  of 
flows  have  growing  Reynolds  numbers,  which  is  an  indica¬ 
tion  that  the  tuvhulencc  structure  is  dominated  by  the  mean 
shear.  A  quantitative  test  can  be  derived  from  the  simpli¬ 
fied  energy  equation, 

dk/Ot  +  Su\U2  —  c, 

which  shows  mat  self-similar  growth  requires  that  produc¬ 
tion  be  proportional  to  dissipation,  i.e.  that 

SuiU'j/t  =  const. 

This  quantity  is  plotted  in  figure  7(c),  which  suggests  that, 
unlike  the  experiments,  most  simulations  reach  their  self¬ 
similar  stage  only  towards  the  end  of  computational  lime. 
Extension  of  the  computation  to  longer  limes  is  prevented 
both  by  the  growth  of  the  longitudinal  integral  scale,  which 
interferes  with  the  finite  ssm  of  the  computational  box,  and 
by  the  increase  in  Re.\,  which  degrades  the  resolution  for 
a  given  computational  grid.  The  numerical  aspects  of  each 
simulation  are  discussed  in  the  respective  papers.  In  gen¬ 
eral.  all  of  them  arc  discontinued  when  the  longitudinal 
integral  scale  becomes  of  the  order  of  10%  of  the  length 
of  the  box,  or  when  the  resolution  falls  below  k,mixi/  m  1, 
which  is  generally  considered  to  be  an  adequate  limit. 


Figure  7:  Hvolulion  of  flow  parameters  for  the  shear  (low 
numerical  data  sets,  (a)  R<  \  —  (rii/'l/,1ri')1/'“,  where 
q'  =  5757.  (b)  Dimensionless  shear,  Sql  jc.  (c)  Simi¬ 
larity  parameter.  — ,9«7ri7/f.  Symbols; - :  HOM23- 
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IS 


3.5  SUMMARY  OF  HOMOGENEOUS  FLOWS 


Isotropic  and  grid  turbulence  and  their  distortions 
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Forced  isotropic  turbulence 
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Rotating  turbulence  and  its  distortions 


HOMIO 

Rotating  decaying  turbulence  E 

Jaequtn.  Eeuchlor  <7  nl  [92) 

pg,  76 

HOM12 

Rotating  lurhuioi.ee  with  ax-  H 
isymmclnc  strain 

Leucblcr  A  Dupei.plc  1 1 28.  127] 

pg.  79 

MOM  14 

Rotating  turbulence  with  plane  E 
strain 

Leuchtcr  A  Benoit  |  i2-t] 

pg.  82 

Sheared  turbulence  and  its  distortions 
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Uniformly  sheared  flow  with 
uniform  curvature 

v. 

Holloway  A:  Tavoularis  |82| 

pg.  98 

HOM2R 

Uniformly  sheared  Mow  with  ,S- 
shnped  curvature. 
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E:  experimental  eases,  N:  numerical  ones.  Consult  individual  daia  sheets  for  more  detail 
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Chapter  4:  Interaction  of  Shock  Waves  with  Grid  Turbulence 
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4.1  Introduction 

Interactions  between  shock  waves  ami  turbulence  occur  in 
a  variety  of  flow  configurations  of  practical  relevance.  Typ¬ 
ical  examples  arc  shock  wave/boundary  layer  interactions 
and  shock  wavc/free  shear  layer  interactions  encountered 
in  external  and  internal  an  ody ramies.  Complex  linear  and 
nonlinear  mechanisms  come  into  play  in  such  situations, 
resulting  in  a  drastic  change  of  the  turbulence  structure  and 
the  statistical  properties  of  the  flow.  The  theoretical  back¬ 
ground  of  these  structural  changes  is  the  existence  of  com¬ 
plex  interactions  between  the  basic  modes  of  compress¬ 
ible  turbulence  known  as  vort icily,  acoustic  and  cniropie 
modes.  Fundamental  questions  arise  in  this  context,  con¬ 
cerning  (lie  amplification  of  the  turbulence  passing  ilr  otigh 
the  shock  wave,  tite  change  of  anisotropy  of  the  Reynolds 
stresses  and  the  associated  length  scales,  and  the  way  the 
shock-impacted  turbulence  adapts  itself  to  the  new  flow 
conditions  downstream  of  the  interaction. 

The  basic  physics  of  such  complex  interactions  arc  most 
conveniently  investigated  in  reasonably  simplified  flow  con- 
iigurations.  A  typical  example  is  that  of  homogeneous 
quasi-isotropic  turbulence  subjeetc1  to  sudden  compres¬ 
sion  by  a  normal  shock  wave.  This  type  of  flow  was  orig¬ 
inally  investigated  in  .shock  lubes  [79,  1 03.  84,  26]  and 
more  recently  in  stationary  wind  tunnel  flows.  [91,  13). 
The  relevant  parameters  in  these  investigations  arc  the  shock 
strength  (i.e.  the  shock-normal  Mach  number),  and  the 
initial  state  of  the  turbulence  interacting  with  the  shock 
wave,  as  dclincd  by  tl.c  turbulent  energy  level,  the  ‘com¬ 
pressibility'  content,  tile  Reynolds  stress  and  length  scale 
anisotropy,  and  the  turbulence  Reynolds  number.  For  a 
general  review  ol  compressibility  effects  on  turbulence  one 
can  consult  [  1 20; . 

Direct  numerical  simulation!.  (DNS)  of  decaying  turbulence 
passing  through  a  shock  wave  have  been  performed  by  var¬ 
ious  authois  (sec  e.g.  [119,  180,73,  118,  i  38]).  This  type 
of  approach  is  commonly  restricted  to  Reynolds  numbers 
that  are  too  low  to  he  representative  for  practical  applica¬ 
tions.  Large-eddy  simulations  (LES)  are  expected  to  go  be¬ 
yond  this  hound  and  become  more  relevant  for  real-world 
applications.  Nevcrthc!ess,  DNS  computations,  even  at 
fairly  low  Reynolds  numbers,  do  provide  interesting  in¬ 
sights  into  the  physics  of  the  complex  mechanisms  which 
govern  the  interactions,  For  instance,  the  effect  of  up 
stream  compi  cssibilily  (i.e.  dilatational  velocity  fluctu¬ 
ations)  t>n  the  turbulence  amplification  (hard  to  evaluate 
experimentally!)  lias  been  brought  to  light  clearly  in  the 
work  of  Hannappel  and  Friedrich  1 7 3 ] .  Besides  the  ha- 
sit:  observation  that  initially  isotropic  turbulence  becomes 
axisymmetrie  when  passing  through  the  slmck  wave,  the 


authors  observed  that  upstream  compressibility  produces 
higher  vorlieity  components  parallel  to  the  shock  wave, 
whereas  the  axial  component  is  eonvected  through  the  shock 
wave  without  major  alterations.  Simultaneously,  the  de¬ 
crease  of  micro-length  scales  relative  to  the  transverse  ve¬ 
locity  fluctuations  is  less  pronounced  in  the  presence  of  up¬ 
stream  compressibility,  and  the  increase  of  the  dissipation 
length  scale  is  slightly  reduced.  The  important  role  played 
by  the  acoustic  and  cmropic  fluctuations  upstream  of  the 
shock/iurhulcncc  interaction  has  also  been  highlighted  in 
tite  recent  work  by  Maheslt  el  al.  (137,  138],  The  effect  of 
shock  strength  was  discussed  by  Lee  cl  al.  [  1 1 8], 

As  mentioned  before,  experiments  in  this  field  can  be  di¬ 
vided  into  two  main  classes.  The  first  covers  experiments 
performed  in  supersonic  wind  tunnels,  where  a  (normal) 
stalionary  shock  wave  is  produced  by  means  of  a  suitable 
shock  generating  device,  The  turbulence  is  usually  cre¬ 
ated  in  the  ..onic  region  of  the  supersonic  nozzle  using 
n  grid-type  turbulence  generator.  Homogeneous  (quusi- 
isotropic)  turbulence  is  achieved  at  the1  position  where  the 
flow  impacts  the  shock  wave,  The  measurements  are  made 
al  a  given  axial  distance  with  respect  to  flic  position  of  the 
shock  wave,  Unambiguous  statistics  are  determined  as  a 
function  of  the  distance  between  the  measurement  point 
and  the  shock  wave,  for  a  given  upstream  stale  of  (lie  tur¬ 
bulence.  These  experiments  are  easy  to  compare  with  nu¬ 
merical  simulations  considering  homogeneous  turbulence 
flowing  through  a  stationary  shock  wave. 

The  second  family  of  experiments  reported  in  the  literature 
on  free  turhulencc/siiock  wave  interactions  considers  trav¬ 
eling  shock  waves  moving  through  a  homogeneous  turbu¬ 
lent  field.  The  experiments  are  performed  in  shock  tubes, 
where  the  interacting:  shock  wave  results  from  the  reflec¬ 
tion  of  an  incident  shock  wave  that  first  passes  through  a 
turbulence-generating  grid,  entraining  a  transversely  ho¬ 
mogeneous  turbulent  flow  of  constant  velocity.  The  flow 
remains  subsonic  provitled  that  the  incident  shock  wave  is 
sufficiently  weak.  The  strength  of  the  reflected  shock  wave 
(and  accordingly  the  flow  velocity  behind  it)  can  he  con¬ 
trolled  to  a  certain  extent  by  replacing  the  reflecting  solid 
wall  with  it  porous  end  wall.  A  remarkable  facility  based 
on  this  principle  has  recently  been  constructed  al  CUNY 
by  (lie  group  of  Amlrcopoulos  (see  [25,  26,  27|),  allowing 
turbulence  measurements  with  good  space  and  lime  reso¬ 
lution. 

Useful  information  cun  be  gained  from  this  type  of  ex 
pei intent  about  the  basic  mechanisms  involved  in  shock 
wavc/tuibulcnce  interactions.  Statistical  measurements  per¬ 
formed  at  a  lixed  position  in  the  shock  tube  arc  not  easy 
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to  interpret,  however,  in  terms  of  statistical  measurements 
made  in  stationary  wind  tunnel  experiments,  or  in  terms  of 
statistical  results  obtained  from  numerical  simulations  con¬ 
sidering  stationary  shock  waves  (as  eg.  in  |73]  or  1 1  IH|). 
This  is  primarily  due  to  the  fact  that  during  the  useful  pe¬ 
riod  of  measurements,  the  distance  between  the  probe  and 
the  upstream-propagating  shock  wave  increases,  while  the 
stale  of  the  turbulence  encountered  by  (lie  shock  wave  is 
continually  varying.  These  intriiv  ic  difficulties  are  fur¬ 
ther  aggravated  by  (he  relatively  short  lime  available  for 
the  measurements,  which  (for  a  given  dimension  of  the 
shock  lube)  is  a  decreasing  function  of  the  shock  intensity 
Therefore,  shock  tube  experiments  are  generally  run  with 
relatively  low  shock  intensities  compared  to  those  achiev¬ 
able  in  wind  tunnels.  This  is  also  done  to  ensure  subsonic 
flow  behind  the  incident  shock  wave  and  to  avoid  choking 
of  the  turbulence  grid. 

The  following  description  of  possible  lest  eases  for  I.IiS 
with  stationary  shock  waves  will  he  restricted  to  wind  tun¬ 
nel  experiments  in  supersonic  flow. 

4.2  {Experiments 

To  our  knowledge,  there  are  two  recent  and  toasonahlv 
well-documented  experiments  in  wind  tunnels  with  slit 
(binary  shock  waves.  The  lirsl  was  carried  out  at  ONliRA- 
Meudon  in  a  supersonic  wind  tunnel  in  which  the  turbu¬ 
lence  was  created  by  means  of  a  grid  located  at  the  nozzle 
entrance.  The  grid  itself  constitutes  the  sonic  throat  of  the 
nozzle  and  provides  a  Mach  number  of  14  at  the  location 
oflhe  normal  shock  wave.  The  shock  position  is  controlled 
by  a  second  throat  and  by  suction  of  tire  boundary  layer 
at  the  wall  of  lire  wind  tunnel.  The  measurements  ate  by 
Laser  Doppler  Anomonieiry  (I, PA) 

The  most  salient  feature  ol  this  expenmenl  is  the  sharp 
change  in  the  energy  decay  ihtotigh  the  shock  wave  and 
the  absence  of  any  significant  amplification  of  the  turbulent 
energy.  Based  on  recent  DNS  icsults.  it  may  he  conjec¬ 
tured  that  low  amplification  oflhe  turbulent  kinetic  energy 
through  the  shock  wave  could  he  due  to  nit  insie  eomptess 
ihility  effects  lit  the  sense  that  the  thermodynamic  pressure 
fluctuations  store  energy  at  the  expense  of  turbulent  kinetic 
energy  and  alter  the  interaction  mechanism  |hf|. 

The  second  expeiuneiil  was  performed  at  ('LA T- Poitiers, 
in  a  similar  facility.  A  multi  nozzle  turbulence  genet. i- 
tor  (constituted  by  6.TS  adjacent  conical  nozzles)  was  used 
here  instead  of  a  turbulence  grid,  providing  supersonic  flow 
at  Mach  number  3  in  front  ol  the  shock  wave,  with  a  sip 
nifiennily  lower  turbulence  intensity  level  than  in  the  ON 
F.RA  experiment  land  consequently  lower  Reynolds  mini 
her).  From  lias  point  of  view  (and  also  with  icpaid  to  dif 
lerenees  in  the  measuring  techniques  used),  the  two  expei 
intents  may  he  considcicd  as  complcmcmaiy  A  normal 
shock  wave  is  created  in  the  ccmial  pan  of  the  test  sec¬ 
tion  by  means  ol  a  Mach  effect  produced  by  the  inlet  ac¬ 
tion  of  two  oblique  shock  waves  ol  opposite  inclination 
This  particular  arrangement  causes  the  axial  mean  velocity 
to  he  lineally  meieased  behind  the  shock  wave  at  a  rate 
Al'/A.X  of  approximately  hi  x  Ill's  1  (eoriespoiuling 


to  a  variation  of  one  percent  per  millimeter  in  the  upstream 
velocity)  Hot-wire  techniques  and  I. DA  were  used  for  the 
measurements 

The  measurements  showed  that  the  slicaimvivc  velocity 
llnelnntmns  are  meieased  through  the  shock  wave,  in  agree¬ 
ment  with  Kihner's  theory,  whereas  the  longitudinal  inte¬ 
gral  length  scale  is  decreased.  Like  in  the  ONliRA  exper¬ 
iment.  the  amount  of  compressibility  in  the  upslieam  part 
ol  the  flow  could  not  he  quantified  by  the  techniques  used 
for  the  measurements. 

4.3  Comments  on  Experiments 

No  direct  information  is  included  in  the  data  base  concern¬ 
ing  velocity  spectra,  since  spectral  analysis  was  not  possi¬ 
ble  with  the  I.DA  measurements.  Only  In  the  second  ex¬ 
periment  I  CHAT- Poitiers)  was  spectral  analysis  performed 
on  hot-wire  signals  which  may  be  assumed  to  represent 
mass  flux  fluctuations  The  lack  of  turbulent  kinetic  energy 
spcciin  is  a  serious  limitation  regarding  the  assessment  of 
numerical  simulations.  since  initial  spectra  can  only  he  es¬ 
timated  analy  lically  from  the  statistical  quantities  reported 
in  the  data  base. 

A  further  significant  limitation  of  both  data  sets  arises  front 
the  lack  of  information  on  one  point  statistics  (as  well  as 
spectral  distributions)  concerning  the  additional  modes  of 
fluctuation  (enlropie  and  acoustic  modest.  As  evidenced 
by  DNS  (see  above),  these  modes  have  n  strung  influence 
on  the  interaction  mechanism,  and  must  Ihcrdoic  he  ac¬ 
counted  lor  m  the  genet itiion  of  eontpiessihle  initial  condi¬ 
tions  lor  I.IiS.  a-,  well  as  in  stthpriil  models.  Due  to  melt  il¬ 
logical  difficulties,  no  duvet  information  on  the  relative  im¬ 
port, mce  of  such  fluctuations  could  he  included  in  the  data 
base  The  increased  energy  decay  downsiicam  of  the  shock 
wave,  and  the  absence  ol  any  noticeable  amplification  of 
the  turbulent  energy  ohsetved  in  the  ONliRA  experiment, 
could  possibly  he  atiilhiited  to  a  relatively  high  level  of  ii- 
rotational  fluctuations  produced  by  the  specific  turbulence 
generating  device  used  for  that  experiment.  The  difference 
between  the  two  experiments  regarding  the  turbulent  en¬ 
ergy  amplification  may  he  explained  by  a  possibly  lower 
level  of  dilalnlmnal  fluctuations  in  the  CliAl  experiment, 
due  to  a  "mildei"  turbulence  generating  procedure  and  a 
significantly  lowci  Reynolds  number. 

I.DA  measuiemenls  in  eontpiessihle  flows  with  shock  waves 
ate  usually  contaminated  by  uncertainties  due  to  the  finite 
particlc  icsponse  Panicle  ding  afiects  the  mean  velocity 
recovery  immediately  behind  the  shock  wave  and  pioduccs 
spurious  turbulence  in  the  ease  of '  poly  dispersed  pat  tides, 
the  extent  ami  lev  el  ol  which  depend  on  the  actual  size  dis- 
liihiitioii  of  the  panicles  Basic  studies  of  the  behavior  of 
panicles  flow  ing  (hiough  a  shock  w  ave  in  lammni  llow  (see 
for  example  [121.  2I3|]  have  dcinonsiialcd  the  possibility 
ol  quantifying  these  ollcvK  using  current  law  s  for  the  par 
tide  diag  and  estimated  tin  measured)  forms  of  particle 
disiiihulion  l  ot  both  expei  intents,  the  iccoveiy  distance 
can  lie  estimated  to  lie  ol  the  iinlei  of  a  few  milhinetcis. 
lot  panicles  ol  sub  micron  size  commonly  used  m  the  ex 
pei  imenls 
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For  the  ONERA  experiment,  the  mean  How  and  turbulence 
data  given  in  the  data  hase  represent  average  values  of  sev¬ 
eral  axial  explorations  performed  at  different  vertical  posi¬ 
tions  in  the  plane  of  symmetry  of  the  nozzle.  These  mea¬ 
surements  reveal  satisfactory  transverse  uniformity  of  all 
How  parameters  recorded  in  the  data  base.  A  moderate 
negative  mean  gradient  of  the  axial  mean  velocity  is  ob¬ 
served  upstream  of  the  shock  wave,  with  a  more  or  less 
pronounced  corrugated  variation  of  the  velocity,  presum¬ 
ably  due  to  steady  Mach  waves  originating  from  the  turbu¬ 
lence  generator  |20). 

For  the  CEAT  experiments,  the  reported  measurements  were 
performed  by  single  explorations  on  the  axis  of  the  flow. 
Separate  measurements  have  revealed  satisfactory  trans¬ 
verse  uniformity  of  the  velocity  in  the  central  region  of  the 
How  interacting  with  the  shock  wave  [2). 

The  CEAT  data  set  also  includes  information  about  the  be¬ 
havior  of  integral  length  scales  relative  to  mass  flux  fluctu¬ 
ations,  deduced  from  autocorrelations  of  hot-wire  signals 
via  Taylor’s  hypothesis.  This  procedure  yields  only  ap¬ 
proximate  estimates  of  the  length  scale  downstream  of  the 
shock  wave,  due  to  the  fact  that  the  mean  velocity  is  not 
constant.  However,  the  associated  uncertainly  of  the  length 
scale  estimation  remains  acceptably  small,  of  the  order  of 
a  few  percent,  The  data  indicate  a  larger  decrease  of  the 
lengthscaie  than  that  found  in  the  DNS  of  Lee  et  til.  1118] 
for  the  sonic  Maclt  number,  and  nearly  the  same  Reynolds 
number  (hut  lor  a  higher  level  of  the  turbulence  Mach  num¬ 
ber).  The  comment  on  the  crucial  limitation  of  DNS  re¬ 
garding  the  level  of  the  Reynolds  number  (see  above)  also 
applies  to  that  experiment. 

it  it  emphasized  that  the  present  compilation  is  to  be  con¬ 
sidered  its  a  lirst  attempt  to  create  reliable  data  bases  on  the 
topic  of  (stationary )  turbulence/shock  wave  interactions.  In 
spite  of  severe  limitations  with  regard  to  LES  assessment 
(as  outlined  before),  il  is  expected  that  the  data  selected 
for  this  purpose  will  provide  useful  information  for  first 
checks  on  numerical  simulations  of  compressible  turbulent 
Hows  involving  shock  waves. 
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4.4  SUMMARY  OF  SHOCK-WAVE/  GRID-TURBULENCE  INTERACTIONS 

SHW(K)  Stationary  shod;  on  grid  turbulence  F.  Jaa|uin.  B 1  i n  &  (icITrny  |‘>l  ]  p;t.  !().“> 

SHW01 Stationary  shock  on  grid  turbulence  F.  Harrc.  Alcm  &  Honncl  1 1 3)  pg.  107 

Li:  experimental  cases.  N:  numerical  ones  f  nnstill  individual  data  sheets  for  more  details 
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5.1  Introduction 

bully  developed  pressure  gradient  driven  turbulent  flows  in 
pipes  and  channels  arc  ideal  model  flows  lor  simulations 
of  wall-hounded  turbulence  Since  the  flow  is  fully  devel¬ 
oped,  it  is  homogeneous  in  the  sireamwise  direction.  Thus, 
periodic  boundary  conditions  may  be  used  in  that  direction, 
avoiding  the  problems  associated  with  inflow  and  outflow 
boundary  conditions.  Further,  by  assuming  homogeneity 
in  the  spanwise  direction  in  the  channel  and  imposing  pe¬ 
riodicity.  or  by  using  the  natural  angular  periodicity  in  the 
pipe,  one  can  use  transform  methods  to  invert  the  elliptic 
operators  that  occur  in  time  discretizing  the  Naviei -Stokes 
equations.  This  greatly  simplifies  the  numerical  proce¬ 
dures.  Finally,  since  the  How  is  statistically  stationary,  by 
making  an  crgodicity  assumption,  statistical  quantities  can 
be  easily  computed  by  averaging  in  time. 

For  these  reasons,  fully  developed  channel  Hows  have  long 
been  simulated  numerically,  both  by  EES  (e.g.  .in  (146, 
167|)  and  DNS  [108.  139.  135,  182,  104).  The  pipe  flow 
is  less  often  simulated  due  to  the  need  to  use  cylindrical 
coordinates,  and  deal  with  the  coordinate  singularity  at  the 
centre-line  A  variety  of  researchers  have  reported  success 
in  simulating  channel  flows  using  a  variety  of  LES  models. 

There  have  been  many  of  DNS  s  of  the  channel  How  at 
low  Reynolds  number,  starling  with  the  simulation  of  Kim. 
Moin  &  Moser  1 108],  which  was  at  Hr,  -  ISO  to  match 
the  oil-cinmne!  experiments  of  [ 55.  1 1 2|.  These  low- Reyn¬ 
olds- number  simulations  are  not  included  in  this  data  base, 
though  they  have  been  used  extensively  in  the  past  (espe¬ 
cially  1 1 08 1 )  for  comparison  to  I  .F.S.  The  reason  is  that  the 
Reynolds  numbers  are  so  low  as  to  make  L.F.S  a  question 
able  endeavour.  However,  there  are  three  simulations  avail¬ 
able  at  higher  Reynolds  numbers  ( Hr,  dOO.  395  and 
590)  1139,  164],  The  simulations  at  395  and  590  reported 
by  Mansour,  Moser  &  Kim  ( I  39]  arc  included  here  as  case 
PCH 10.  There  arc  also  two  fully  developed  pipe  llow  DNS 
available  1 1 32.  56],  both  at  the  same  Hr,  —  ,380  (based  on 
diameter),  winch  is  also  rcallv  too  low  lor  meaningful  I  ,l\5 


However,  since  these  arc  the  only  eases  for  which  detailed 
DNS  data  are  available,  one  of  the  pipe  simulations  is  in¬ 
cluded  here  |I  32|.  Furthermore,  a  numerical  simulation  of 
a  rotating  pipe  [160]  is  included  to  provide  a  case  with  an 
extra  complication. 

In  addition  to  being  attractive  flows  to  simulate,  the  chan¬ 
nel  and  pipe  are  also  experimentally  attractive,  and  for  many 
of  the  same  reasons,  For  providing  data  that  is  consistent 
with  the  idealizations  inherent  in  a  numerical  simulation 
(L.F.S  or  DNS),  (he  pipe  is  the  preferred  geometry,  since  the 
complication  of  experimental  side  walls  is  avoided,  Chan¬ 
nel  flow  experiments  are  usually  done  in  rectangular  chan¬ 
nels  with  large  aspect  ratios  (12  or  higher  is  common),  to 
avoid  large  side  wall  effects.  On  the  other  hand  it  is  of¬ 
ten  easier  to  make  measurements  in  a  channel,  due  to  the 
planar  boundaries.  Several  sets  of  experimental  data  are 
included  for  both  pipes  and  channels  For  channels,  there 
have  been  many  experiments  over  the  years  (e  g.  1 1 14.  39. 
55,  95,  222,  158]).  Two  recent  experimental  studies  using 
the  best  currently  available  measurement  techniques  were 
selected  |322.  1571.  The  N'iedersehullc  experiment  1 1 57 ) 
(case  PCHlUisal  lie,  -  0'2l  (fi<(,  =  18, 339)  provides 
very  well  resolved  profiles,  down  to  very  close  to  the  wall. 
The  Wei  &  Willmanh  data  1 222)  tease  PCi  112)  has  less 
well  resolved  profiles,  but  includes  a  range  of  Reynolds 
numbers  (Hr,  =  708  to  1655).  In  addition,  data  from  the 
classical  experiment  of  Comlc-Bclloi  [ 39]  are  included  as 
case  PCI  1 13.  These  remain  the  highest  Reynolds  number 
channel  llow  data  available  (fir,  =  2310  to  8160).  How¬ 
ever.  the  measurements  of  Comlc-Bclloi  weie  made  with 
relatively  long  hot  wires  (see  the  relevant  data  sheet  on 
page  ),  so  great  care  is  rcquiicd  in  uscing  these  data.  In 
particular,  the  near-wall  data  are  not  reliable.  Experimen¬ 
tal  pipe  llow  data  from  4  sources  (|54,  160.  213,  228])  are 
included  here  as  cases  PCH0I  through  PCI  104.  T  hey  span 
a  range  of  Reynolds  number  from  7500  to  35  x  1111'  with  a 
variety  ol  data  available. 

Finally,  channel  flows  and  pipes  have  been  simulated  and 
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measured  experimentally  with  a  variety  of  complicating 
features  such  as  rotation  and  curvature.  These  flows  pro¬ 
vide  an  opportunity  to  address  these  complications  in  a 
flow  with  very  simple  geometry.  Thus  several  rotating 
Hows  are  included  in  this  section.  They  include  the  ax¬ 
ially  rotating  pipe  simulation  by  Orlnndi  [  160]  (PCTI05). 
and  both  experimental  (|l>7,  1 56],  PCI  120  and  PCH23 )  aiul 
numerical  (|  168,  I  13],  PCH2I  and  PCH22)  rotating  chan¬ 
nels. 

The  pipe,  channel  and  rotating  channel  Hows  are  discussed 
in  more  detail  below.  The  cases  included  in  this  section  arc 
listed  in  table  I . 

5.2  Pipes 

Perhaps  no  other  llow  has  been  studied  as  much  as  turbu¬ 
lent  llow  in  a  pipe.  Aside  from  its  obvious  practical  impor¬ 
tance  in  a  vast  variety  of  industrial  applications,  pipe  llow 
has  drawn  the  interest  of  researchers  because  of  its  geo¬ 
metrical  simplicity  and  because  of  the  apparent  case  with 
which  it  can  he  studied  experimentally. 

The  laminar  parabolic  pipe  profile  is  known  to  be  stable 
to  small  disturbances  and  so  the  creation  of  turbulent  pipe 
llow  is  usually  attributed  to  transition  in  the  pipe  entry 
boundary  layer.  As  the  layer  develops  along  the  wall  small 
disturbances  become  umplilicd  producing  tuihuleni  spots 
which  eonveet  downstream  eventually  merging  to  produce 
turbulent  llow  across  the  full  width  of  the  pipe. 

Lindgren  |13l|  and  later  Wygnanski  &  Champagne  |224] 
showed  that  this  picture  is  a  little  too  simplistic.  Below  a 
pipe  Reynolds  number  of  about  3200  (based  on  diameter) 
a  variety  of  mechanisms  play  a  role  in  transition  depend¬ 
ing  on  whether  the  entry  llow  is  smooth  or  disturbed.  Be¬ 
low  a  Reynolds  number  of  2300  even  large  disturbances 
at  the  pipe  entrance  will  decay  and  the  llow  will  lelatn- 
iiinri/'e,  Above  a  Reynolds  number  of  about  3200.  tur¬ 
bulence  initialed  by  a  disturbed  entry  condition  will  he 
maintained.  Considerations  of  the  transition  process  are 
particularly  important  in  the  context  of  direct  numerical 
simulations  which,  due  to  computer  hardware  limitations, 
arc  necessarily  limited  to  relatively  low  Reynolds  numbers. 
Since  most  simulations  are  time  developing  the  llow  must 
he  initialed  with  disturbances  which  are  large  enough  to 
excite  nonlinear  amplification  mechanisms  and  the  sim 
ulalion  Reynolds  numbers  must  exceed  the  Hr  -  .T200 
threshold. 

A  number  of  criteria  have  been  proposed  to  lest  whether 
a  pipe  flow  is  fully  developed.  Probably  the  most  rig¬ 
orous  is  the  requirement  that  fully  developed  llow  eorre 
spnnds  to  a  stale  where  the  turbulence  intensity  in  the  pipe 
is  independent  <vf  significant  changes  in  die  cm i y  condi¬ 
tions.  The  equivalent  criterion  tin  a  lempot.il  simulation 
is  that  the  turbulence  level  of  the  simulation  at  late  tunes 
must  be  independent  of  the  turbulence  level  used  to  im- 
1  into  the  flow.  While  this  criterion  is  probably  the  most 
rigorous,  it  is  raiclv  used  for  practical  reasons  ol  compu 
lational  cost  or  facility  limitations  l-.xpennienlnlly.  lully 
developed  (lov.  is  generally  accepted  to  ocelli  beyond  an 
entry  distance  ol  100  to  I  50  diameters  Simulations  ate  as¬ 


sumed  lobe  fully  developed  once  lime  averaged  statistical 
quantities  converge  and  good  agreement  with  experimen¬ 
tally  measured  mean  velocity  profiles  has  been  reached  In 
ibis  respect  simulations  are  not  carried  out  for  the  express 
purpose  of  generating  mean  velocity  data  but  rather  they 
are  undertaken  to  provide  information  about  pressure  and 
higher  order  velocity  statistics  which  may  be  dillicull  or 
impossible  to  obtain  experimentally. 

Although  experiments  on  pipe  flow  have  a  long  history 
going  all  the  way  hack  to  the  classical  work  of  Osborne 
Reynolds  there  remains  today  intense  interest  in  this  llow. 
Most  recently  basic  logarithmic  sealing  laws  for  the  mean 
velocity  near  the  wall,  which  were  once  universally  ac¬ 
cepted.  have  been  called  into  question  by  Bnrenblult  |d] 
xx ho  proposes  to  replace  the  Reynolds  number  invariant 
logarithmic  profile  xxilh  a  Reynolds  number  dependent  poxver 
laxx1  profile  which  asymptotes  to  a  logarithmic  envelope. 
The  distinction  belxvecn  the  two  profiles  goes  to  our  most 
fundamental  understanding  of  the  dependence  of  turbulent 
flows  on  Reynolds  number  xvhen  the  Reynolds  number  is 
very  large.  At  the  lime  of  this  writing,  this  controversy  lias 
not  been  resolved  one  xvny  or  another  ami  there  are  sitting 
feelings  on  both  sides. 

F.vcniually.  when  the  dust  settles  a  key  role  in  deciding  the 
outcome  will  have  been  played  by  the  pipe  data  enclosed 
xxutli  this  data  base  In  particular,  the  recent  measurements 
of'Xapamlu  (Case  PCH04)  wlu-n  combined  with  the  men 
suremenls  ol  Honhcst  (Case  BCII02),  Durst  (l’CTIOI)and 
Tuomler  (PC ‘11(1.3),  provide  a  range  of  nearly  live  orders  of 
magnitude  in  the  Reynolds  number  with  a  useful  amount 
of  redundant  overlap  hclxveen  eases.  The  simulation  data 
base  of  Louloti  (Case  P('IIOO)  provides  fundamental  in 
loimniion  about  lloxv  statistics  particularly  near  the  wall 
where  measure  meals  of  skewness  and  (l.tlness  have  been 
the  subject  of  debate.  The  rotating  pipe  ease  of  Pillion 
(Case  PCI  105 )  is  included  to  piovidc  data  on  the  c lici  t  of 
rotation  on  turbulence  in  a  well  defined  geometry. 

5.3  Channels 

The  idealized  turbulent  lloxv  between  two  patallel  plates 
dtixen  by  a  mean  pressure  gradient  parallel  to  the  wall  is 
perhaps  the  easiest  wall  hounded  lloxv  to  understand  It  is 
homogeneous  in  the  stieamxvise  and  spanxvi.se  directions. 
Al  so,  integrating  die  mean  stieamxvise  momentum  equa¬ 
tion  from  xxall  to  wall  yields 

i  nr  nr 

but  ~iir  t  ,,  =  .1/ 

/i<  i!!i  Or 

xvliere  7-, is  die  total  mean  shear  stress.  ;/  is  the  coord i 
note  normal  to  the  xvalh  (p  0  al  the  channel  centre).  /  ’ 
is  die  mean  velocity  ami  :■’//  -  the  mean  prcssuic  giadi- 
cut.  Thus,  xxe  base  an  analytic  o.xpiessinn  lor  the  mean 
shear  stress.  This  provides  a  sanity  cheek  on  both  ex¬ 
perimental  and  computational  data,  and  in  experiments,  it 
allows  the  xxall  shear  stress  to  he  unambiguously  deter 
mined,  eillu'i  by  measniing  die  pressure  gradient  or  the 
Rcvnnlds  stress  lar  from  the  xv.ill  whore  the  viscous  stress 
is  negligible  The  Reynolds  st/ess  and  equilibrium  total 
stiess  aie  plotted  fioiu  both  die  simulations  |  I  3d]  (PCI 1 10) 
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Rt-k 

Re.r 

Rot. 

Comments 

ipe  Flows 

PCH00 

5600 

380 

Spectral  Method 

PCII01 

7442-20800 

490-1200 

PCH02 

29300-80500 

1610-3900 

Includes  roughness 

PCH03 

24580 

1382 

PCH04 

31000-35  x  10° 

1700- 10n 

Superpipc 

PCH05 

4900 

340 

0-2 

Finite  Difference 

hannel  Flows 

PCH10 

6875-10935 

395-590 

Spectral  Method 

PCH  11 

18400 

921 

PCH  12 

13145-35353 

708-1655 

PCH  1 3 

57000-230000 

2340-8160 

Analog  Hot  Wire 

OTATING  CHANNEL  FLOWS 

PCH20 

5500-17500 

0-0.21 

PCH2 1 

2850 

177 

0.144 

Spectral  Method 

PCH22 

2900 

194 

0-0.5 

Finite  Difference 

PCH23 

850-5000 

67-300 

0-0.055 

Tabic  1:  Comparative  listing  of  cases  in  this  chapter  of  the  database.  Consult  data  sheets  of  individual  cases  for  more 
details,  also  see  Table  2.  Rci,  is  Reynolds  number  based  oit  bulk  (average)  velocity  and  channel  half-width  (diameter  for 
pipe),  lh'r  is  based  on  friction  velocity  and  half-width  (diameter),  and  the  rotation  number  Rok  —  2ilS/Ut,.  where  5  is 
half-width  and  L’i  is  bulk  velocity. 


and  the  experiments  1 1 57,  222,  39)  (PC’Hl  1,  PCH  1 2  and 
PCH13)  in  figure  1.  Tor  large  y,  all  die  data  should  lie 
just  slightly  above  the  equilibrium  line,  by  the  amount  of 
tile  viscous  stress.  Note  however  that  the  data  of  Nieder- 
sehultc  (PC HI  1)  and  Comic- Bcllol  (PCH13)  lie  below  the 
line  (greater  stress),  while  some  of  the  Wei  A  Willmailh 
data  (PCHI2)  lie  above  the  line.  This  must  all  be  consid¬ 
ered  to  be  error;  however,  the  cause  of  the  error  is  not  ob¬ 
vious.  Regardless  of  the  cause,  these  errors  provide  some 
guidance  as  to  the  accuracy  of  the  second  order  statistics  in 
the  channel  Mows 


Near  the  wall,  die  channel  tlow  has  the  usual  features  of 
a  wall  bounded  turbulent  Mow  such  as  a  boundary  layer 
In  particular,  the  mean  velocity  exhibits  an  approximate 
log-layer  and  viscous  sublayer.  In  analyzing  this  in  detail 
however,  one  must  aeeouni  for  the  fact  that  there  is  actually 
a  mild  favourable  pressure  gradient  in  this  flow.  The  r.m.s. 
velocity  profiles  near  the  wall  are  also  similar  to  those  of 
other  wall-bounded  flows.  Shown  in  figures  2  and  3  arc 
the  mean  velocity  and  r.m.s.  sticaimvise  velocity  from  the 
channel  flow  cases  included  here. 
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Figure  I ;  Total  stress  (equilibrium,  dark  diagonal  line)  and 
Reynolds  shear  stress  on  one  wall  of  the  turbulent  channel 
cases  •  I’CH  12  at  Rc.r  ^  1C55,  ■  PCI  112  at  Rcr  -  1017, 

*  PCIIl 2  at  Rcr  =  70S,  - - PCHI1  at  Rcr  =  021, 

.  PCH  10  at  /?.<  r  =  590  aim - PCHI0  at  R.i:r  ~ 

400. 


Despite  the  range  of  Reynolds  numbers,  and  the  three  hide 
pendent  sources  of  data,  the  mean  velocity  profiles  in  wail 
coordinates  collapse  remarkably  well  for  the  cases  PCH10. 
PCI  HI  and  PCHI2.  Absent  among  these  eases  arc  the 
variation  of  log-layer  intercept  with  Reynolds  number  that 
is  common  at  very  low  Reynolds  number.  The  exceptions 
to  the  good  data  collapse  are  the  /(<-.  —  70S  pioliie  from 
PCH 12  .  which  lies  slightly  below  the  others  in  the  lug  le¬ 
gion  and  the  Re.  —  2310  and  8150  profiles  from  K'H  1 3, 


which  lie  above  the  others,  hi  neither  ease  is  this  consis¬ 
tent  with  an  overall  Reynolds  iiiiinhci  effect  This  would 
seem  indicative  ol  the  accuracy  of  the  mean  profiles  in  ibis 
cases 


In  file  rms  stream  wise  velocity  piolilcs,  the  near  wall  peak 
value  is  expected  to  he  a  weakly  increasing  (unction  of 
Reynolds  number  1 1 9 K,  1 74],  and  this  is  certainly  true  of 
the  data  from  PCH  1 2.  However,  the  peak  in  the  PCH  I  i 
case  (Ri  r  -  921)  is  lowei  than  the  Rer  -  708  peak  from 
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Figure  2:  Menu  velocity  profiles  liom  t he  uirhulcnt  chan¬ 
nel  eases.  Symbols  arc  as  described  in  figure  I . 


rail 2,  and  flic  peaks  from  the  uvo  PCHIO  computations 
(J{i\  =  395  and  590)  are  higher  than  the  Re,  -•  921  and 
Re,  =  708  eases  from  PCHI I  and  PCI i  1 2  respectively. 
Thus,  flic  data  from  the  three  eases  are  not  consistent  with 
each  oilier  regarding  the  r.m.s,  ii  peak,  and  certainly  arc  not 
consistent  with  a  monotonic  increase  with  Reynolds  mini 
her.  This  suggests  the  level  of  uncertainly  in  the  r.m.s.  ve¬ 
locity  fluctuations,  Note  that  the  near-wall  data  of  Oonite- 
Bcllot  (PCT-JI3)  is  not  plotted  here  because  they  arc  not 
considered  reliable  near  the  wall. 

5.4  Rotating  channels 

Rotation,  like  curvature  and  buoyancy  1 23].  can  have  a  fun¬ 
damental  influence  on  the  stability  of  shear  layers 

Considci  a  unidirectional  shear  llow,  characterized  by  a 
velocity  V {</)  in  the  strennnvise  direction  r,  and  rotating 
about  the  spnnwise  direction  z.  with  angular  veloeily  (!. 
The  fundamental  parameter  describing  this  llow  is  the  ra¬ 
tio  S  of  rotation  and  shear  vorlieity  -<llr/<lil 

S  r  • 

e/f  /</■/ 

or,  in  noadimensioiuil  terms,  the  roiaiii.n  number  fh>  — 
2|Sl|(5/f.'„,  where  is  typical  length  scale,  and  (  the  ve¬ 
loeily  scale. 

This  parameter  c.m  l.c  related  to  the  llow  stability  through 
an  equivalent  gradient  Richardson  number  |2.4|; 

U  S(S  a  1) 

The  role  of  Ihc  rotation  is  found  to  be  destabilizing  |97| 
12I5|  when: 

- 1  <  .S’  <  0 

or 

II  <  0 

in  laminar  Hows,  as  reviewed  in  |l  I4|.  the  elleel  of  die 
rotation  is  to  retard  oi  suppiess  himinnr  -  turbulent  transition 
for  .S’  >  I)  (stabilizing),  or  to  move  il  to  lower  Reynolds 
numbers  for  -I  .S’  <  0  (destabilizing ).  Resiablliz.uion 
can  be  expected  lor  ,S  <  I . 


Figure  ■):  Diagiam  depicting  the  configuration  of  the  relat¬ 
ing  channel  from  |97| 

In  turbulent  Hows,  the  study  of  a  two-dimensional  bound¬ 
ary  layer  m  rotation  about  the  spnnwise  axis  |97|  leads  to 
the  conclusion  that  rotation  can  either  increase  the  level  of 
turbulence,  for  .S'  <  0,  or  decrease  it.  for  .S'  >  0,  through 
its  interaction  with  the  wall-layer  streak  bursting  process. 

In  view  of  die  fundamental  importance  of  the  phenomenon, 
as  well  as  its  practical  interest  (rotating  machines),  turbu¬ 
lence  models  should  he  able  to  reproduce  and  predict  (his 
bciun  join 

An  interesting  ease  of  llow  rotation  is  that  of  a  rotating 
two  dimensional  developed  channel  flow  {whiliiig  chan¬ 
nel  for  shorn,  where  the  two  aforementioned  effects  are 
both  present’  in  fact  turbulence  is  increased  on  the  unsta¬ 
ble  (pressure,  leading)  side,  and  decreased  on  the  stable 
(suction,  trailing)  side  (see  figure  4).  Therefore,  they  can 
he  both  studied  and  simulated  in  a  single  llow.  Availability 
of  reliable  experiment..!  data  |‘)7|  and  matching  Direct  Nu¬ 
merical  Simulations  1 1 1 3.  4.  I(ift|  makes  It  a  very  suiinble 
test  ease  for  model  validation,  and  il  lias  been  used  as  such 
by  several  researchers  1 168.  107.  15.4,  205,  20.4,  ?|. 

5.4.1  (experiments 

Because  of  the  dilhcull)  ill  selling  up  ibis  llow  eonligu¬ 
ralion.  experiments  are  rare.  Hossevei.  data  from  two  are 
included  here:  The  classical  work  of  Johnston  el  al.  [97] 
and  ills-  more  recent  work  at  lower  Reynolds  numbers  of 
Nakahaynshi  and  KiHt  1 1 50|. 

The  experiments  of  Johnston  et  al.  illuminated  the  over¬ 
all  eharaeioiisiies  of  the  llow.  except  for  the  low  Reynolds 
number  effects  explored  by  N.ikahavashi  and  Kitoh.  Tluee 
main  phenomena  were  in  evidence 

•  the  reduction  of  wall  bursting  on  the  Stahls-  side,  lend¬ 
ing  to  a  reduction  in  lurhuicncc  level.  An  opposite 
elleel  should  be  expected  on  (be  unstable  side.  Init  it 
was  noi  visually  noted. 

•  The  development  of  lour  roll  cells  for  Hie,  >  O.O.'i  - 
(I.  HI.  These  stiuetures  originate  on  the  unstable  wall 
and  play  a  very  import, ml  role,  interacting  with  (lie 
bursting  phenomenon  and  Uanspoiiing  high  tuilni- 
Icnte  fluid  liom  the  wall  lavei  to  the  tore  llow.  The 
roll  cells  ait  assumed  in  be  a  realization  ol  a  Tnylor- 
( iorller  instability. 
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Figure  3:  Strcainwisc.  nns  vcloeily  profiles  from  (lie  turbulent  channel  cases.  Symbols  arc  as  described  in  figure  1 . 


•  Full  rclaminarization  at  /py  =  10000  —  12000  and 
Roh  =  0.21,  associated  with  a  region  of  negative 
rate  of  turbulence  energy  production. 

Velocity  profiles  show  increasing  asymmetry  with  growing 

llo. 

At  the  same  time,  the  evolution  of  friction  velocity  ur  with 
Roi  shows  an  increase  of  turbulence  level  on  the  unstable, 
wall  and  a  corresponding  decrease  on  the  stable  wall,  with 
respect  to  the  friction  velocity  uro  measured  in  absence  of 
rotation.  Two  main  effects  arc  evident  from  the  data:  the 
saturation  of  uT  at  high  Ro  on  the  unstable  side,  which 
is  attributed  to  the  development  of  the  toil  cells,  and  the 
strong  drop  of  ur  on  the  stable  side,  corresponding  to  the 
rclaminarization. 

Overall,  the  available  information  in  (97]  offers  a  complete 
qualitative  description  of  the  flow,  which  the  predictions 
should  match,  and  enough  quantitative  data  to  assess  their 
quality.  However,  it  should  be  kept  in  mind  that  neither 
DNS  nor  the  most  recent  LliS  predict  the  full  relaminar- 
i/.ation  nor  hie  corresponding  drop  of  ur  on  the  stable  side. 
Therefore  the  possibility  remains  that  this  behaviour  might 
he  due  to  the  test  section  and,  notably,  to  its  short  length 
which  would  prevent  full  development  (equilibrium)  of  the 
flow.  For  validation  purposes,  it  would  he  preferable  to 
base  the  comparison  on  the  mean  velocity  profiles  and  the 
surface  velocities  measured  before  relnminarizalioii. 


5.5  Simulations 

Because  of  its  simple  geometry  but  complex  and  interest¬ 
ing  flow,  the  rotating  channel  has  been  the  subject  of  sev¬ 
eral  DNS  studies.  Two  are  included  hero:  Kristoflcrsen 
and  Andcrsson  [1 13]  and  Piomelli  and  Liu  1168]. 
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5.6  SUMMARY  OF  PIPES  AND  CHANNELS 


Pli’ES 


PCHOO 

Pipe 

N 

Louiou  cl  al  1 132] 

PCHOI 

Pipe 

E 

Durst  cl  al  |54] 

PCH02 

Pipe 

F. 

Perry  cl  ai  1 166) 

PCH03 

Pipe 

;; 

Eggels  a  c.l  ( 56 ) 
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6.1  Introduction 

There  arc  a  large  number  of  experimental  studies  of  free 
shear  layers,  particularly  in  subsonic  (lows.  Over  200  pa¬ 
pers  could  be  cited.  However,  for  the  purposes  of  I.ES  val¬ 
idation,  emphasis  will  be  given  to  studies  in  which  initial 
conditions  and  streamwise  evolution  are  available.  Since 
the  review  of  Birch  and  Eggers  [19).  and  the  detailed  com¬ 
pilation  by  Rodi  [175),  several  review  papers  have  been  de¬ 
voted  to  these  Hows  (see  for  example  Ho  and  Hucrrc  )80), 
Fiedler  el  at.  [62)).  In  the  present  data-base  wc  focus  our 
attention  on  nominally  2D  flow's  (except  for  the  data  on 
axisyttuneuic  jets). 

Free  shear  layers  are  of  interest  for  several  industrial  pur¬ 
poses  such  as  afterbody  or  propeller  characteristics,  mix¬ 
ers.  burners  etc.,  and  constitute  a  basic  (low'  geometry  which 
is  an  ingredient  in  several  more  complex  flows.  The  un¬ 
derstanding  of  the  physics  of  such  flows,  as  well  as  (lie 
ability  to  predict  them  computationally,  is  the  key  to  con¬ 
trolling  the  mixing  processes,  pollutant  dispersion,  noise 
generation,  vibrations,  and  (low  control.  Even  for  cases 
that  arc  2D  in  the  mean,  these  flows  rapidly  undergo  transi¬ 
tion  to  3D,  though  they  are  often  dominated  by  large  scale, 
quasi-2D  organized  'ruclures.  generally  arising  from  the 
Kelvin-HehnolU  instability.  They  are  also  often  associated 
with  smaller  scale  eddies  with  different  oricnluli  ns.  The 
consequences  of  the  complexity  of  flow  structures  on  the 
choice  and  validation  of  prediction  methods  is  discussed 
in  Fiedler  el  at.  162).  In  tills  regard,  LES  is  well  suited  for 
free  shear  flows. 

The  compulation  of  these  Hows  may  be  simpler  Ilian  most 
of  the  other  Hows  addressed  in  this  data  base.  Except  for 
the  splitter  plate  used  to  generate  inlet  conditions,  (he  (lows 
develop  without  solid  boundaries  and  the  resulting  regions 
tT  low  Reynolds  luimhur.  'these  characteristics  generally 
simplify  the  computations.  However,  some  complexities 
are  still  present  such  as  the  influence  of  initial  conditions, 
wall  proximity,  external  turbulence  level  etc.  In  gen  ral 
(except  for  the  grid  and  shear-free  mixing  lavers).  the  Hows 


are  created  from  boundary  layers  that  should  be  correctly 
computed  or  prescribed  as  initial  conditions.  This  is  not 
always  simple,  particularly  when  abnormal  boundary  lay¬ 
ers,  such  as  those  that  are  tripped,  arc  used  to  generate 
the  How.  On  an  other  hand,  transition  can  occur  during 
the  How  development,  the  computation  of  which  is  always 
complex.  As  mentioned  above,  the  different  kinds  of  How 
structures  should  be  well  reproduced.  Lastly,  the  stream- 
wise  evolution  towards  the  asymptotic  states  is  a  process 
that  should  also  be  correctly  computed;  the  comparisons 
between  computations  and  experiments  should  not  be  re¬ 
stricted  to  the  asymptotic,  self-similar  part  of  the  flows, 
Particularly,  experimental  results  obtained  from  momen¬ 
tum  integration  (such  as  turbulent  shear  stress),  energy  or 
shear  stress  balances  arc  based  on  the  presumption  of  self 
similarity,  which  may  be  absent  or  difficult  to  prove. 

There  arc  several  specific  experimental  difficulties  that  arise 
when  measuring  free  shear  layers  using  Hot  Wire  Anemom- 
ctry  (HWA)  as  well  as  Laser  Doppler  Velocimetry  (LDV). 
A  major  problem  arises  when  one  part  of  the  How  is  at  rest. 
In  particular,  this  occurs  in  one  stream  mixing  layers  (test 
ease  SHL00),  or  jets  in  still  air  (i:HL30  and  SHL3I).  For 
these  configurations,  stationary  hot-wires  are  problematic 
because  the  turbulence  intensity  is  high  (say  30%)  even  at 
tlie  centreline  and  exceeds  100%  towards  the  edge  because 
the  mean  velocity  becomes  very  small.  However,  recent 
advances  in  the  flying  hot  wire  technique  solve  this  prob¬ 
lem.  A  review  of  this  complex  method  can  be  found  in 
[30J.  Resul  t  obtained  with  Hying  hot  wires  in  jets  arc  de¬ 
scribed  later  in  this  text.  These  kind  of  problems  are  not 
encountered  when  using  burst  spectrum  analyzers  with  a 
Biaggcell  in  LDV  measurements. 

Difficulties  also  occur  when  using  HWA  in  supersonic  mix¬ 
ing  layers,  particularly  when  one  side  is  subsonic,  while 
the  olh-r  side  is  supersonic.  This  is  the  case  for  the  three 
supersonic  eases  SHL00  to  SHL02.  For  these  How  config¬ 
urations.  the  luit-wire  lias  to  operate  in  subsonic,  transonic 
and  supersonic  regimes.  Fur  a  complete  survey,  the  re- 
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spouse  of  ihe  IIWA  will  differ  depending  on  the  regime. 
For  Mach  numbers  less  than  typically  0.8.  or  greater  than 
1 .2,  Ihe  sensitivity  of  the  HWA’s  arc  well  known.  However, 
in  the  transonic  regime  (0.8  <  M  <  1.2),  special  calibra¬ 
tion  is  required.  For  test  case  SHL00.  a  specific  calibration 
procedure  has  been  used  1 1  1 1.  In  supersonic  Hows  the  fre¬ 
quency  response  of  the  HWA  can  also  be  a  limitation  of  the 
method.  However,  for  test  case  SHI. 00.  it  can  be  assumed 
that  the  frequency  response  is  suflicienl,  as  stated  in  the 
description  of  the  supersonic  lest  cases. 

When  LDV  is  used,  the  size  of  the  seeding  particles  is 
of  concern,  particularly  in  high  speed,  supersonic  Hows. 
Johnson  (96)  gives  some  estimates  of -3dB  cutoff  ftequeney 
for  Mach  3  Hows.  As  an  example,  for  l//m  diameter,  the 
cutoff  is  eslimaled  to  he  approximately  22kHz.  This  covers 
major  pot  lion  of  Ihe  fluctuations  in  the  test  cases  SHI. 20  - 
21  as  noted  by  Sam i my  and  I.cle  1 I84|  based  on  DNS  re¬ 
sults1.  In  the  test  ease  S 1 1  f  .02,  the  particles  are  smaller,  so 
the  culoll  frequency  is  expected  to  occur  tit  around  86  kHz. 
For  ihe  same  50kHz  freuuency  response  requirement,  the 
particle  lag  is  apparently  negligible. 

Finally,  for  LDV  measurements,  a  seeding  bias  can  occur, 
in  addition  lo  the  velocity  bias  generally  taken  into  account 
in  the  data  processing  ((57]).  The  seeding  bias  is  depen¬ 
dent  on  the  seeding  loealinn.  When  Hows  have  it  marked 
organization  with  large  scale  structures,  for  example,  the 
LDV  results  may  depend  on  the  location  where  the  parti¬ 
cles  are  injected.  Particularly  for  supersonic  mixing  layers, 
results  can  be  different  if  the  flow  is  seeded  in  the  super¬ 
sonic  (upstream)  part  or  in  the  subsonic  part,  or  in  hollt 
parts.  The  influence  of  different  seeding  locations  was  ad¬ 
dressed  for  test  case  SIM.22.  Dual  seeding  is  generally  ap¬ 
plied.  without  definitive  justilicatinn  because  it  is  always 
difficult  to  exactly  balance  the  seeding  rale  between  the 
two  sides. 

6.2  Mixing  layers 

6.2.1  Spatially  Involving  Mixing  Layers 

F.xeepl  for  the  she.,.iess  mixing  layer,  the  mean  shear  of 
these  Hows  is  conslnnl  or  behaves  according  to  well  known 
laws,  and  the  flows  evolve  lowatds  tin  asymptote-,  self  sim¬ 
ilar  state.  The  most  obvious  diagnostic  for  similarity  is  the 
spreading  rale.  Tl.e  spreading  rale  can  be  defined  accord¬ 
ing  to  several  dilTeient  measures:  evolution  of  any  of  a 
number  or  characteristic  thicknesses  (e  g  vorticilv  thick¬ 
ness,  velocity  thickness,  total  pressure-based  thickness  I'oi 
flow's  mixing  two  gases,  visual  thickness  Horn  How  visit- 
alizalions,  etc.),  or  evolution  of  similanly  parameters.  Al¬ 
though  dillerent  in  detail,  all  these  paiameleis  are  linked 
logCiher  through  simple  iclationships  [  I  7 8 1  For  mixing 
layers  with  one  side  al  lost,  the  evolution  of  the  conven¬ 
tional  thickness  h  (conc.spnndiiip  lo  the  distance  between 
the  locations  where  the  velocity  reaches  It:  and  90'.;  of  the 
exlernal  velocity)  is  dh/il.r  -  ’  The  relcrenec  paraiu 

elerrr,,  is  the  the  spreading  parameter.  Some  scatter  exists 
on  the  relcrenec  value  hut  a  general  consensus  oi  o,,  ~  1  I 
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is  accepted  1 1  30]. 

it  is  well  known  thru .  for  subsonic,  plane,  single  gas  two- 
stream  mixing  layers,  the  spreading  rate  is  n  function  of 
the  velocity  ralio.  r.  As  an  example,  the  following  relation¬ 
ship.  know  n  as  the  the  Abramovich- Sabin  rule,  is  generally 
accepted  for  incompressible  iso -density  flows  |  I,  183]: 

:/<),  / (Ir  s/5r/i7u.A  ~  (I. IGA 

where  L  is  the  vorticilv  thickness  and  A  =  willi 
r  =  l  j  / (  | ,  ralio  of  exlernal  velocities  (the  subscript  I  cor¬ 
responds  to  the  high  speed  side).  In  case  of  variable  density 
Hows,  (he  spreading  rale  can  be  estimated  Horn  |29| 

d,S,/,h-  ~  (1.18 A 

In  this  case.  A  where  the  density  ratio 

is  accounted  for  (x-  =  pi //'■:)  For  supersonic  Hows,  the 
spreading  rale  depends  on  Ihe  value  of  die  Mach  number. 
When  ibis  parameter  increases,  a  dramatic  decrease  of  the 
spreading  rule  is  observed.  The  convective  Mach  number  is 
generally  used  as  the  relevant  parameter  (21,  16.3,  49,  120, 
I95|.  In  the  ease  of  (lows  whli  the  same  gas  on  the  two 
sides,  as  in  case  for  the  preseni  data  base,  the  convective 
Miscli  number  is  expressed  ns: 


<U  -I  «-j 

(n i  and  n ,•  are  the  speeds  of  sound  of  the  txvo  external 
streams)  In  Ibis  ease.  Ihe  spreading  rale  can  be  estimated 
from: 

<M„  /</.r  ~(I.18A<I>(.\/,.) 

Discussions  on  the  function  »I»(A/,.)  can  be  loiiiul  in  |  I95|. 

In  pursuing  I  .MS  validation,  it  should  be  recalled  that  some 
scalier  is  observed  among  die  different  experimental  re¬ 
sults  These  discrepancies  can  be  atliibuled  to  several  pa- 
ramc'lers  1 29.  88.  89,  28)  Ostet  and  Wygntinski  |I6I|  pro¬ 
posed  a  “partial  random  lixl  of  possibilities"  for  these  dis¬ 
crepancies:  (i)  turbulence  in  the  lice  streams,  (ii)  oscilla¬ 
tions  in  ihe  fiee  stieain  due  m  wind  tunnel  delects,  (iii) 
aspect  ratio.  <iv)  length  ol  the  lest  section,  (v)  residual 
pressure  gradient,  (vi)  vihration  of  the  spinier  plaie,  (vii) 
structure  of  ihe  boundary  layers  a:  ihe  spinier  plate,  (viii) 
curvature  and  angle  ol  the  two  streams  at  the  splitter  plate 
oiitllnw  and  <ix)  Reynolds  number 

Some  of  the  issues  discussed  above  are  diflieult  to  model, 
such  as  (hi.  ( v)  or  i vi i  ulus  last  clr.uactei istii  must  be  ad- 
diessed  to  compute  case  SI  II .03 1  From  LMS.  paraniclric 
studies  t  an  however  be  used  lo  determine  die  sensitivity  of 
the  (lows  to  these  parameters.  Mns!  of  ihe  other  parameters 
vary  fiom  one  lest  ease  lo  the  oilier.  l  or  example .  die  exter¬ 
nal  turbulence  level  is  diflcrcnl  among  the  le.si  eases  The 
external  lurhiilence  level  is  known  lo  play  an  iniporlanl  role 
(producing  high  spreading  rales)  if.  expressed  in  percenl. 
larger  than  0  -7 A  ..  (I  3(1  -  i  )/(  1  |  r).  in:  subsonic,  two 
stream  mixing  layers  ill  T/  lor  oik  sucam  mixing  h-.vets) 
1 165|  The  state  o|  the  boundary  lavcis  piesenl  al  llic  Hail¬ 
ing  edge  ol  ihe  splillei  plate  used  lo  genci ale  most  of  ihe.se 


Hows  play  an  important  role.  Depending  on  whether  these 
boundary  layers  are  laminar,  transitional  or  turbulent,  the 
'cnglh  of  the  developing  part  of  the  shear  layers  (i.c.  the 
distance  required  to  establish  self-similar  profiles)  can  be 
different.  The  influence  of  the  initial  conditions  on  the 
spreading  rale  is  not  so  clear.  However,  provided  the  ex¬ 
ternal  excitation  has  a  broad  band  spectrum  (ideally  while 
spectrum),  the  flow  can  be  considered  as  "well  balanced" 
and  the  consensus  obtained  on  the  dependence  of  dS/clx 
and,  more  sensitively,  on  v'v'  on  r  can  he  accepted  within 
perhaps  ~  5%3.  With  the  different  test  cases  provided,  the 
ability  of  an  LES  to  predict  this  effect  can  he  tested.  The 
influence  of  the  Reynolds  number  can  also  he  investigated. 
This  is  of  relevance  when  the  shear  layers  are  initially  lam¬ 
inar  hut  can  also  he  important  when  transitional  flows  are 
considered.  Lastly,  the  compressibility  effects  due  to  high 
velocities  can  also  he  addressed  through  (he  data  provided. 

The  present  data-base  includes  several  configurations  that 
offer  a  combination  of  the  most  relevant  parameters  cited 
above.  It  should  he  noticed  that,  despite  quite  different 
experimental  conditions  present  in  this  data  base  (lurhu- 
lcnt/huuimir  initial  conditions,  subsonic  or  supersonic  (lows) 
the  velocity  ratio  of  r  =  O.G  is  a  common  value,  thus  many 
of  the  effects  discussed  above  can  be  addressed  indepen¬ 
dently  of  the  velocity  ratio. 

Several  experimental  results  were  not  available  from  nu¬ 
merical  files  hut  only  front  the  literature.  In  those  cases,  as 
described  in  the  corresponding  Toad  tne'  files,  flic  data  are 
obtained  from  digitizing  printed  documents. 

6,2.2  Subsonic  Plane  Mixing  Layers 

First,  subsonic  plane  mixing  layers  are  considered.  The 
velocity  ratio  is  variable  from  a  value  of  0  (one  side  at 
rest)  up  in  0.8.  Initial  conditions  arc  not  available  for  each 
flow  hut,  if  not.  the  geometry  is  simple  enough  to  he  mod¬ 
elled.  Thus,  the  influence  of  velocity  ratio  can  be  tested. 
For  some  of  these  data,  both  laminar  and  turbulent  initial 
conditions  are  available,  The  streamwise  evolution  is  avail¬ 
able  in  the  ease  of  two  stream  flows.  Table  I  presents  some 
characteristics  of  the  different  mixing  layers. 

The  first  set  of  data  is  devoted  to  single  stream  flow  (one 
side  at  rest),  while  the;  others  are  concerned  with  two-stream 
flows.  The  spreading  rates  expressed  in  terms  of  r/o  are 
in  good  agreement  except  for  SHI  .00  and  some  cases  of 
SHI, 02.  These  points  will  he  briefly  addressed  below. 

•  The  lirst  case,  SHLOO,  represents  the  basic  results  of 
single  stream  mixing  layers  |226).  No  initial  con¬ 
ditions  are  available,  and  die  effect  of  the  tripping 
wire  is  not  clearly  quantified,  nor  is  the  presence  of 
die  wall  at  the  exit  plane.  The  spreading  rale  ob¬ 
tained  is  known  to  be  too  high  (i.e.  the  value  of  a  is 
loo  low  when  compared  to  the  rest  oi  the  literature). 
This  point  can  he  a  challenge  for  compulations.  The 
trip  wile  is  generally  considered  to  he  a  source  of 
artificial  excitations.  The  effect  of  the  trip  lias  been 
anay/.ed  in  detail  and  confirmed  by  the  experiments 
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Ref 

r 

A 

<\bj  dx, 

dS^/dx 
or  a 

<7o 

SHLOO 

0 

/ 

(on) 

/ 

9. 

SHLOI 

0.6 

0.25 

(<U 

0.023 

10.9 

(tripped) 

- 

- 

0.019 

13.2 

SHL02 

0.5 

0.33 

(<U 

0.0318 

10.4 

- 

0.6 

0.25 

0.0235 

10.6 

- 

0.6 

0.18 

0.0168 

10.5 

- 

0.7 

0.1  1 

0.0124 

8.95 

- 

0.8 

0.053 

0.0073 

7.2 

S II  1.03 

0.3 

0.54 

(6) 

0.05 

9.72 

- 

0.4 

0.43 

0.041 

9.55 

- 

0.5 

0.33 

0.032 

11.48 

- 

0.6 

0.25 

0.022 

10.3 

SHL04 

0.54 

0.3 

(<L) 

0.05 

10.6 

SHLOO 

0.47 

0.36 

to) 

32 

10.6 

Table  1:  Overall  characteristics  and  spreading  rates  of  the 
lest  cases. 

ol  Ulall  |6)  and  should  be  taken  into  account  lot  the 
simulations.  Very  detailed  measurements  ate  avail¬ 
able  in  the  self  similar  region  (including  turbulent 
energy  budgets). 

•  In  SULOI.  fora  single  velocity  ratio,  the  influence  of 
the  nature  of  the  boundary  layers  at  the  trailing  edge 
can  be  tested  since  two  cases  arc  available,  that  is 
with  a  laminar  or  turbulent  (tripped)  boundary  layer 
|  IK).  In  the  ease  of  laminar  boundary  layers,  the 
layers  are  probably  pro-transitional,  Only  integral 
parameters  and  mean  velocity  profiles  arc  given  (no 
turbulence  data)  in  the  boundary  layers.  Within  the 
mixing  layers.  Reynolds  stresses  are  provided  for  the 
developing  and  asymptotic  regions. 

•  When  the  velocity  ratio  approaches  one,  the  flow 
can  exhibit  a  behaviour  similar  to  a  wake  flow  near 
the  trailing  edge.  This  wake  effect  vanishes  down¬ 
stream  when  the  mean  shear  stress  becomes  predom¬ 
inant.  Case  SHI.U2  exhibits  tins  feature  in  flows 
with  velocity  ratios  r  varying  from  0.6  to  0.9  1 144). 
In  this  set  of  data,  5  velocity  ratios  are  available. 
The  boundary  layers  on  the  flat  plate  are  turbulent 
(tripped)  and  no  turbulence  data  are  provided.  Two 
components  of  velocity  fluctuations  arc  given  for  sev¬ 
eral  distances  from  the  trailing  edge.  The  spreading 
rales  measured  with  the  velocity  ratio  close  to  one 
are  quilc  far  front  the  usual  value  due  to  wake  ef¬ 
fects.  In  this  case,  the  minimum  development  length 
necessary  to  reach  similarity  (~  GOO. (Hi  +  (-)■/)/ A 
[X5])  is  probably  not  obtained  ((-)  is  the  boundary 
layer  momentum  thickness,  subscripts  i  and  2  refer 
to  the  two  sides  of  the  splitter  plate). 


•  The  presence  and  role  of  large  scale  motions  can  be 
more  clearly  observed  when  Inc  (low  is  forced  with  a 
frequency  close  to  the  most  unstable  one.  Data  from 
such  forced  flows  are  available  in  SHI. 03  [161]  In 
this  case,  four  velocity  ratios  (from  0.3  to  0.6)  are 
available,  but  r  —  0.0  is  hest  documented  and  is 
therefore  to  be  preferred.  No  boundary  layer  data 
arc  provided.  Detailed  turbulence  data  (Reynolds 
stresses)  arc  provided  for  the  closest  downstream  sta¬ 
tion.  A  special  set  of  data  is  provided  when  the 
trailing  edge  is  (lapping,  for  the  same  velocity  ra¬ 
tios.  Frequency  spectra  arc  provided.  In  view  of  the 
computation  of  this  llow,  it  should  he  recalled  the 
the  perturbation  velocity  normal  to  the  mixing  layer 
plane  is  frequency  dependent.  Indeed,  the  amplitude 
of  the  movement  of  the  splitter  plate  is  kept  constant 
while  the  frequency  is  vaned,  then  the  perturbation 
velocity  varies  according  to  the  frequency  \ 

•  In  the  data  set  SMI. 04,  a  single  configuration  (r  = 
0.0,  turbulent  initial  boundary  layers)  is  available 
with  very  detailed  data  [46],  For  this  case,  the  usual 
statistics  are  provided  with  the  slrcamwisc  evolution 
and  initial  conditions.  In  addition,  higher  moments 
(skewness  and  Harness)  are  provided.  From  an  HR- 
COlfAC  data  base,  large  records  of  instantaneous 
hot  wire  velocity  measurements  are  available  (not  in¬ 
cluded  in  the  present  dntn  base).  Detailed  character 
izalion  of  the  turbulent  boundary  layers  are  given  at 
the  trailing  edge  (longitudinal  velocity  llucluations). 
All  the  terms  of  the  Reynolds  stress  tensor  are  pro¬ 
vided  for  several  downstream  locations,  Estimation 
of  turbulent  dissipation  is  also  provided.  High  or¬ 
der  moments  arc  available.  Some  frequency  spec¬ 
tra  are  given  and  in  the  similarity  region,  the  turbu¬ 
lent  kinetic  energy  budget  is  established.  In  addition, 
the  PDF'  of  velocities  (including  velocity  differences 
of  two  velocity  components)  are  given  for  three  lo¬ 
cations  of  the  reference  probe,  namely  on  the  axis, 
near  the  external  part  -nd  for  an  intermediate  loca¬ 
tion.  Joint  PDF's  ate  considered  for  space  ot  lime 
scparaiio.,s. 

•  The  influence  of  free  stream  turbulence  is  addressed 
by  (lie  test  case  SIII.06  ( 20D |.  in  this  confieuralion. 
tlic  inilhl  conditions  arc  quite  different  (no  splitter 
plate)  and  arc  ci  priori  well  suited  for  simulations. 
In  this  experiment,  the  flow  is  created  by  two  grids 
of  different  size.  The  mixing  layer  with  a  velocity 
ratio  of  0,47  develops  inside  a  stream  with  a  signif¬ 
icant  turbulence  level  (typically  4 71 ).  No  details  are 
given  on  the  typical  scales  of  the  grid  tiiibuicncc.  In 
this  case,  the  most  sensible  initial  conditions  would 
be  from  two  different  simulations  of  grid  turbulence. 
However,  there  is  no  splitter  plate  and  the  details 
of  the  initial  llow  are  not  known.  Toe  llous  out 
sitie  the  mixing  layer  can  be  modelled  as  conven¬ 
tional  grid-generated  turbulence.  Three  downstream 
regions  arc  tested  with  two  velocity  fluctuation  coni- 
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poncnls.  One  and  two  point  correlations  arc  avail¬ 
able  (for  2  velocity  component)  at  one  station. 

6.2.3  Temporally  Evolving  Mixing  I. aver 

Oasc  SI  11 .05  includes  three  direct  numerical  simulations 
of  time  developing  mixing  layers  ns  simulated  hy  Rogers 
Moser  |l79],  A  time  developing  mixing  layer  differs 
from  its  spatially  developing  counterpart  in  that  1  lie  layer 
has  uniform  thickness  (on  average)  in  the  slrcttmwi.se  di¬ 
rection.  is  homogeneous  in  the  strenmwise  direction  and 
grows  in  time.  Il  is  computationally  much  more  tractable 
than  the  spatially  evolving  mixing  layer  common  to  exper¬ 
iments.  Asymptotically  for  small  A.  a  spatially  evolving 
mixing  layer  when  ohserved  in  a  reference  frame  mov¬ 
ing  downstream  at  velocity  =  ({q  -I-  (A)/2  is  equiv¬ 
alent  to  a  time-developing  mixing  layer.  However,  for  the. 
purposes  o(  comparison  to  l.KS.  it  is  preferable  to  com¬ 
pare  a  time  developing  mixing  layer  l.F.S  to  these  time- 
developing  DNS's. 

The  time  developing  nature  of  the  simulations  have  several 
important  consequences  relevant  to  the  comparison  of  LF.S 
to  the  DNS  simulations. 

First,  since  the  flow  evolves  in  lime,  it  is  not  possible  to 
do  time  averaging  to  obtain  converged  statistical  quanti¬ 
ties.  Instead,  averaging  is  done  in  the  homogeneous  spa¬ 
tial  directions  (i.e.  the  slrcamwisc  and  spnnwisc  direc¬ 
tions).  Thus  the  .statistical  sample  available  is  limited,  and 
in  general  is  not  adequate  to  obtain  converged  statistics. 
For  example,  in  figure  I,  profiles  of  the  r.in.s.  stream- 
wise  velocity  fluctuations  are  shown  lot  several  limes  taken 
from  a  period  during  which  the  mixing  layer  is  approxi¬ 
mately  self  similar.  The  profiles  have  been  scaled  using 
self-similar  sealing  (see  1 179]),  so  they  are  directly  com¬ 
parable.  Notice  that  near  the  centre,  the  profiles  are  rather 
noisy,  and  differ  in  detai'  from  each  oilier.  This  is  a  conse¬ 
quence  ol  the  poor  statistical  sample.  In  addition,  there  is 
a  small  systematic  variation  among  the  profiles,  duo  to  the 
imperfection  of  the  self-similarity. 

Since  l.F.S  is  only  able  to  reproduce  the  actual  turbulent 
flow  in  a  statistical  sense,  it  is  really  only  sensible  to  com¬ 
pare  converged  l.F.S  statistical  results  with  converged  slatis- 
tlcs  from  the  DNS  In  principal,  this  would  involve  averag¬ 
ing  over  an  ensemble  of  DNS  and  l.HS  simulations  started 
from  an  ensemble  of  initial  conditions  drawn  from  some 
distribution  lliilortunatcly.  this  is  not  Icasihle.  The  next 
best  approach  is  to  compare  the  statistics  computed  from 
an  l.HS  and  a  DNS  begun  from  identical  (filtered  for  l.F.S) 
initial  conditions.  In  litis  way.  the  Hows  to  he  compared 
will  begin  with  identical  large-scale  features,  which  -arc 
presumed  to  be  responsible  lor  the  variability  in  the  one- 
field  statistics.  While  one  might  hope  that  the  evolution 
of  die  largest  eddies  would  he  well  represented  in  an  l.F.S, 
it  is  inevitable  that  their  evolution  will  eventually  diverge 
from  that  of  the  DNS  due  to  uncertainties  n  details  ol  the 
untc'olved  small  scales.  The  rate  of  this  divergence  has  not 
been  quantified.  Therefore,  even  when  starling  with  iden¬ 
tical  initial  conditions  in  the  best  possible  LHS,  an  exact 
match  ol  the  statistical  quantities  is  not  expected.  Figure  I 
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Figure  I:  Profiles  of  n'f/Af/2  io  self-similnrly  scaled  coor¬ 
dinates  at  live  times  during  the  self-similar  period  of  Case 

1  ( - t  ~  105.2, - r  =  110. 7, .  t  -  128. G, 

- r  =  141.0. - t  -  150.8). 


gives  an  indication  of  the  magnitude  of  the  expected  varia¬ 
tion. 

A  turbulent  lime  developing  mixing  layer  is  expected  to 
develop  towards  a  self-similar  evolution,  and  indeed  two 
of  the  flows  included  in  case  SHL05  have  a  self-similar 
period.  This  similarity  was  used  by  Rogers  &  Moser  1 179] 
to  improve  statistical  sample  by  scaling  statistical  quan¬ 
tities  self-similarly  and  averaging  in  lime.  However,  this 
self-similar  averaging  poses  a  problem  for  LES  compari¬ 
son.  since  generally  the  filter  width  in  the  LES  would  be 
constant  while  the  similarity  length  scale  (layer  thickness 
say)  is  growing, 

Another  consequence  of  the  lime-developing  nature  of  this 
How,  is  that  the  flow  evolution  is  dependent  on  the  details 
of  the  initial  conditions.  There  are  three  separate  flows  in¬ 
cluded  in  SHL05,  which  differ  only  in  the  details  of  the 
initial  conditions,  and  as  discussed  in  1 179),  the  evolution 
of  these  flows  is  quite  different.  By  using  the  same  ini¬ 
tial  conditions  in  an  LES.  one  can  compare  to  the  DNS, 
and  be  assured  that  the  cases  being  simulated  arc  the  same, 
so  this  dependence  on  initial  conditions  need  not  result  in 
increased  uncertainty  in  the  comparison.  However,  when 
selecting  flows  for  I.F.S  tests,  it  is  desirable  to  use  those 
that  are  realistic  and  that  evolve  like  the  physical  flows  of 
interest.  It  is  difficult  to  construct  appropriate  initial  con¬ 
ditions  for  this  purpose  since  it  is  generally  not  possible 
to  characterize  the  initial  and  inlet  conditions  ol  a  physical 
flow  (experiment  or  practical  device)  with  sufficient  detail. 

The  ‘  imulations  in  SHI -05  were  begun  with  initial  con¬ 
ditions  dcs'gncd  to  model  a  mixing  layer  forming  from  a 
splitter  plate  with  turbulent  boundary  layers.  To  this  end. 
turbulent  fluctuations  were  taken  from  a  direct  numerical 
simulation  of  a  boundary  layer  |19K|  and  used  as  initial 
conditions.  In  addition,  the  effect  of  the  splitter  plate  tip 
as  a  site  of  receptivity  to  (two-dimensional)  acoustic  dis 
lurbances  was  modelled  by  adding  some  extra  disturbance 
energy  to  the  two-dimensional  modes  (see  the  data  sheet). 
The  turbulence  m  the  Initial  conditions  is  thus  realistic,  bul 
the  model  of  the  splitter  plate  lip  receptivity  may  not  be. 
Despite  this,  we  sec  (figure  2)  that  the  turbulence  statis- 


Figurc  3:  One-dimensional  energy  (u,u,)  density  spec¬ 
trum  at  the  mixing  layer  centreline  of  Case  I  (r  =  170.5). 
- versus  k\ , - versus  k-j. 


ties  of  two  of  the  flows  (Case  1  and  Case  2)  agree  quite 
well  with  the  experimental  measurements  of  Bell  &  Mehta 
[IK]  in  a  mixing  layer  evolving  from  turbulent  splitter  plate 
boundary  layers.  In  ease  3,  the  transverse  velocity  vari¬ 
ance  is  much  larger  than  in  these  experiments,  hut  there  is 
considerable  variation  among  experiments  regarding  this 

statistic.  Further,  the  growth  rates  (  — ; —  0,014, 

A(<  dt 

0.014  and  0.017  for  cuses  1  through  3  respectively)  are  in 
the  range  of  experimentally  observed  growth  rates  for  this 
flow  (0.014  to  0.022,  [179,  49]) 

Once  the  mixing  layers  have  become  fully  developed,  two 
of  the  flows  (cases  I  and  2)  do  not  exhibit  convincing  ev¬ 
idence  of  the  large  settle  spanwise  rollers  commonly  ob¬ 
served  in  turbulent  mixing  layers,  while  case  3  does.  Fur¬ 
thermore,  the  character  of  the  scalar  mixing  in  eases  1 
and  2  is  different  from  that  commonly  observed  in  ex¬ 
periments.  In  particular,  the  probability  density  functions 
(PDF's)  of  the  scalar  fluctuations  arc  ‘marching'  in  cases 
I  and  2,  while  they  are  'non-marching'  in  case  3  and  vir¬ 
tually  all  expei intents  in  which  it  has  been  measured  (see 
[  1 52,  1 02 1 ).  This  difference  in  scalar  mixing  is  thought  to 
be  related  to  the  lack  of  rollers  m  cases  I  and  2  (see  [ !  79)) 
Thus,  with  regard  to  the  qualitative  issues  of  structure  and 
scalar  mixing,  it  appears  that  case  3  is  most  representative 
of  experiments,  while  for  the  sla'istics,  cases  1  and  2  ap¬ 
pear  most  representative.  In  all  cuses,  it  appears  that  the 
flows  are  sufficiently  realistic  to  use  as  test  eases  for  LES. 

The  numerical  simulations  of  the  flows  in  SHI  f>5  were 
performed  using  the  highly  accurate  numerical  method  of 
Spalari.  Moser  &  Rogers  [200).  The  resolution  was  varied 
in  time  to  maintain  accuracy,  and  spectra  and  various  other 
diagnostics  were  monitored  to  ensure  the  resolution  was 
adequate.  For  example,  xtrcamwisc  and  spanwise  spectra 
from  case  I  are  shown  in  figure  3.  Thus,  the  uncertain¬ 
ties  in  the  data  for  S 1 1  LOS  are  dominated  by  the  statistical 
sample  issues  discussed  above,  with  no  significant  uncer¬ 
tainties  introduced  by  numerical  citoi.s. 

6.2.4  llirbulencc  Mixing 

Lastly,  a  special  incompressible  ease  is  addressed.  It  is 
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h'igure  2:  Comparison  of  the  limc-iivci aycd  (in  sealed  coordinates)  simulation  resulk  for  llie  components  of  (lie  Reynolds 

stress  tensor  for  I  he - Case  I, - Case  2.  ami .  Case  5  simulations  with  the  experimental  data  (symbols)  ol 

Hell  &  Mclila  ( 1990)  at  (luce  downstream  locations  (■  .gj  —  ION.  Inn.  •  jp  —  12N.  Inn.  *  ,i|  -  IK!).  Imi). 


slteurless  turbulence  mixing.  This  ease  is  of  pgfiieular  in¬ 
terest.  since  (lie  key  point  is  the  mixing  process  between 
two  dil'lerent  turbulent  Mows  (Uirlmlenee  levels,  scales). 
Only  a  few  experimental  studies  have  been  devoted  to  such 
Hows  |  146,  76|.  The  more  detailed  study  used  for  the  test 
case  SI II.  10  is  the  iitrbtilena'  mixing  1 2 1 7.  218].  Due  to  a 
special  grid  arrangement,  two  slretm.s  with  the  same  mean 
velocity  hut  with  different  turbulent  eharaeleristics  merge 
lienee,  the  process  of  'urhulenee  mixing  is  addressed  Very 
detailed  turbulent  measurements  (.1  velocity  components) 
are  available  lot  three  downstream  locations:  Ingli  ordei 
moments,  spotlra,  Reynolds  stress  budgets. 

6.2.5  Supersonic  IManu  Mixing  Layers 

Lor  supersonic  Mows,  the  present  dnia-hasc  eoncenlrates 
on  three  experiments  which  are  comparable  in  then  physi¬ 
cal  dimensions.  Thus,  the  wall  pioximity  ami  aspect  ratios 
arc  equivalent.  These  How  charactciistics  are  sometimes 
evoked  in  order  to  explain  discrepancies  between  exper¬ 
iments,  hul  these  arguments  cannot  he  invoked  here.  It 
should  he  noticed  that,  within  the  experimental  uncertain 
ties,  the  normali/.cd  spreading  rates  of  the  three  test  eases 
agrees  with  the  function  <1  '(M,  )  icpoitcd  in  |  llJ5|.  No  cli- 
recl  evidence  of  two-dimensionality  is  given,  nnd  the  as¬ 
pect  ratio  of  the  mixing  layers  is  small,  typically  between 
4  and  10.  depending  on  the  definition  of  the  thicknesses 
Reynolds  number  effects  can  he  considered,  since  SI  11,20 
has  a  Reynolds  number  that  is  less  than  dial  ol  the  other 
two  test  eases  In  all  eases,  the  boundary  layers  at  the  trail¬ 
ing  edge  are  hilly  turbulent  on  the  supet sonic  side.  The 
houndaiy  layers  on  the  subsonic  side  uv  not  well  quali¬ 


fied.  although  they  are  of  very  small  thickness.  In  SI  11.20. 
the  inlluciicc  nf  the  subsonic  hnundnry  layer  has  been  in¬ 
vestigated  and  no  important  el'lect  was  observed,  providing 
its  thickness  is  small  compared  with  the  supersonic  one.  A 
convective  Maeli  number  of  0.6  is  uvuilable  in  each  of  the 
three  eases,  h'ui  that  value  of  A/,.,  icdundaiu  data  are  avail 
able  for  the  evolution  of  basic  statistical  quantities  (mean 
and  velocity  lluelunlioos)  and,  in  light  of  the  difficulties  in¬ 
herent  in  the  measurements,  this  redundancy  van  he  useful. 

In  addition,  these  three  experiments  are  complementary, 
with  legaul  to  data  lot  velocity  and  tcinpci .iture  lluelun 
lions  Data  sets  Sill. 20  |l  I]  ate  obtained  with  hot-wire 
aiieniomclry  (constant  cm  rent),  they  thus  provide  one  com¬ 
ponent  of  velocity  and  temperature  lluetuations  They  pro¬ 
vide  a  lest  ol  the  relationship  between  temperature  and 
velocity  llueniaiions.  the  so-called  .Simng  Reynolds  Anal¬ 
ogy  1 150,  651.  Special  care  was  taken  calibrating  for  the 
transonic  regime  The  fiequency  range  of  the  hot  wire 
anemometer  seems  adequate.  The  velocity  results  presented 
in  Sill. 21  1 58.  185]  and  Sill. 22  [45.  12]  are  obtained  by 
means  ol  Laser  Doppler  Velocimetiy.  using  two  dillcrcnl 
systems.  Dual  seeding  in  both  sides  is  used  without  pre¬ 
cise  analysis  of  seeding  bias,  although  some  comparisons 
between  different  scedinps  me  provided  in  SI  II  ,22.  The  ef¬ 
fects  ol  paiitclc  lag  has  been  addressed  in  SIII.2I.  SI1L2I 
also  has  some  piessmc  Ii.iiimIiicci  measurements,  while 
SIII.22  includes  some  constant  tempeiaUne  ancmomcliy 
results.  This  variety  of  experimental  methods  provide  com¬ 
plementary  results  Dala  sets  Sill. 20  nnd  S1II.22  provide 
chaiaeleii/ation  ol  the  boundary  layers  on  the  supersonic 
side  or  mi n icd i aids  at  ter  the  li  ailing  edge,  hoi  cases  S!  II  .2 1 


and  SI1L22,  several  values  of  Mc  are  available,  ranging 
from  0.6  to  1,  i.e.  from  the  medium  to  highly  compress¬ 
ible  In  both  cases,  the  How  developments  are  provided 
from  the  trailing  edge  up  to  the  beginning  (SHL20)  or  es¬ 
tablished  similarity  region  (SHL21  and  SHL22). 

6.3  Jets 

Free  jets  arc  an  important  subclass  of  free-sheu  layers  that 
arc  of  great  practical  significance.  Jets  into  stagnant  sur¬ 
roundings  are  particularly  suited  for  basic  studies  because 
of  tile  self-preserving  nature  of  the  far-licld,  in  which  the 
spreading  rate,  the  velocity-decay  constant  and  similarity 
profiles  define  entirely  the  statistical  flow  quantities.  These 
jets  arc  important  lest  eases  for  simulation  procedures  for 
turbulent  Hows,  whether  turbulence  models  or  large-eddy 
simulations  and,  in  spile  of  their  geometrically  simple  con¬ 
figuration,  they  pose  a  difficult  tusk  as  most  widely  used 
turbulence  models  like  the  k — e  model  or  the  basic  Reynolds- 
stress-equation  models  cannot  predict  (be  plane  and  the 
round  jet  with  the  same  set  of  empirical  constants.  These 
two  cases  were  lliurclbrc  chosen,  and  the  data  provided 
are  for  the  self-preserving  downstream  regions  of  the  plane 
two-dimensional  and  the  uxisymmetrie  jet  issuing  into  nom¬ 
inally  infinite  stagnant  surroundings. 

Rotli  [1751  reviewed  the  measurements  curried  out  in  these 
fiows  up  to  1971  -  some  of  these  measurements  wore  pub¬ 
lished  later.  For  the  round  jet,  the  only  dala  sets  including 
turbulence  measurements  in  the  self-similar  region  were 
those  of  Wygnnnski  und  Fiedler  1 225 [  and  of  Itodi  1 175) 

In  both  eases  the  measurements  have  been  obtained  with 
stationary  hot-wires,  Both  obtained  u  spreading  rate  of 
the  jet  half-  width  dyxri/dx  --  0.118(1  which  is  in  agree¬ 
ment  with  earlier  measurements  of  the  mean  (low  The 
measurements  of  Wygitunski  und  I'iedlci  were  much  more 
extensive  und  have  been  the  standard  round-jet  data  for  a 
long  time.  Less  ideal  features  arc  that  the  centre-line  ve¬ 
locity  decay  rate  changes  at  x./D  fit)  and  that  in  the 
downstream  self-preserving  region  only  0.8%  of  the  ini 
tial  jet  momentum  is  left  according  to  the  velocity  mea¬ 
surements.  Nearly  two  decades  Inter,  almost  concurrent 
detailed  measurements  with  more  suitable  measurement 
techniques  were  carried  out  by  Hussein.  Cupp  and  George 
[90|  -  culled  I  ICG  -  and  by  Punchnpakcsan  and  Ltmtlcy 
[  162|  -  called  PL,  HC'G  used  Hying  hot-wires  and  a  burst¬ 
mode  I  ,i)A  technique  and,  for  comparison  also  the  Mamm¬ 
ary  hot-wire  technique.  PL  also  measured  with  a  Hying 
hot-wire  which  moved  on  a  shuttle.  The  Hying  hot-wire 
and  LL)A  techniques  are  conceptually  superior  for  Hows 
with  high  turbulence  intensity  and  indeed  HCG  found  sig¬ 
nificant  differences  between  their  measurements  obtained 
with  the  stationary  and  the  Hying  hot-wire.  On  the  other 
band,  the  latter  results  agreed  well  with  the  I.DA  measure¬ 
ments.  PL  measured  at  l(r  —  1.1  x  It)'1  while  the  IICG 
jet  had  a  Reynolds  number  of  /?,.  -  9.55  x  l()r\  Both 
sets  of  measurements  yielded  similar  spreading  rates  of 
dih/’i/dx  —  O.IHM  to  0.096.  which  are  higher  than  those 
from  the  older  measurements.  The  difference  stems  most 
likely  from  the  use  of  larger  enclosures  into  which  the  jets 
discharged  and  the  fact  that  entrainment  was  allowed  from 


upstream,  i.e.  the  jet  did  not  emerge  from  a  solid  wall.  This 
yielded  belter  momentum  conservation.  HCG  report  that 
in  the  self-preserving  region  the  momentum  Hux  is  85%  of 
the  initial  Hux  and  PL  report  an  even  higher  value  of  9591 . 
Finally  the  HCG  dala  were  chosen  as  case  SHL30  because 
of  the  higher  Reynolds  numher  and  also  because  two  dif¬ 
ferent  advanced  measurement  techniques  gave  virtually  the 
same  results.  HCG  report  the  balances  of  turbulent  kinetic 
energy  and  of  the  individual  stresses  for  which  the  dissipa¬ 
tion  rale  was  determined  with  the  assumption  of  locally  ax- 
isymmetrie  turbulence;  also  in  the  diffusion  lerm  the  triple 
correlation  vu:'J  was  not  measured  but  assumed  to  Ire  equal 
to  t,:l.  These  assumptions  introduce  considerable  uncer¬ 
tainties,  leading  to  a  fairly  high  pressure-diffusion  term 
near  the  axis;  also,  (be  diffusion  does  not  seem  to  integrate 
to  zero.  Here  perhaps  the  PL  results  for  the  kinetic  energy 
balance  are  more  reliable;  they  determined  the  dissipation 
rate  from  the  balance,  neglecting  the  pressure  diffusion. 

For  the  plane  jet.  detailed  results  newer  than  those  reviewed 
already  in  |175|  (but  some  published  later)  could  not  be 
found.  As  all  the  older  measurements  have  been  obtained 
with  stationary  hot-wires,  the  reliability  of  at  least  the  higher 
moment- measurements  must  be  east  in  doubt,  in  view  of 
tlie  findings  of  HCG  and  PL.  for  the  uxisymmetrie  jet.  The 
measurements  reviewed  by  Rodi  all  show  good  agreement 
about  the  spreading  rate  (dy^n/dx  a*  (1.1)  and  the  velocity 
decay.  The  most  extensive  and  complete  set  of  measure¬ 
ments  is  that  due  to  Gutmnrk  and  Wygnnnski  1 72 1  which 
was  therefore  chosen  as  case  SHIM  I  The  measured  shear 
stress  agrees  fairly  well  with  the  distribution  calculated 
from  the  mean  velocity,  and  the  normal  stresses  are  in  rea¬ 
sonable  agreement  with  the  measurements  of  Heskestad 
[ 7 R I .  for  the  r1  and  w'  components  this  is  true  also  for  the 
other  measurements,  but  the  latter  are  up  to  20 %  smaller 
for  the  longitudinal  fluctuations  u'.  There  is  lienee  some 
uncertainly  about  this  quantity.  There  are  even  greater  un¬ 
certainties  about  the  measurements  of  triple  correlations 
and  the  terms  in  the  kinetic  energy  balance.  The  pressure 
diflusion  was  determined  as  the  oul-of  balance  term  und 
reaches  unusually  high  values.  Probably  more  reliable  is 
the  energy  balance  obtained  by  Bradbury  1 22 1 .  but  his  jet 
luul  a  eo-llowing  stream  at  0.10  of  the  jet  exit  velocity  and 
was  hence  not  exactly  self-preserving. 
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6.4  SUMMARY  OF  SHEAR  LAYERS  AND  JETS 


INCOMPRESSIBLE  PLANE  MIXING  LAVERS 
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SHL01 

Incompressihlc  M.  L..  r  =  0.6 
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Incomp,  M.  L.,  0.5  <  r  <  0.9 
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Forced  incompressible  M.  I.. 
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Osier  &  Wypnanski  [161] 
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Incomp.  M.  L..  r  =  0.54 
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SHL05 

Temporal  incomp.  M.  L. 
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Ropers  &  Moser  [  1 79] 
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SHL06 

Two  turti.  free  streams,  r  ~  0.47 
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Turbulence  mixing 


SHL.10 

No-shear  turbulence  mixing 
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Compressible  Mixing  layers 
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SHI-2 1 

Supersonic  M.  L.,  A/,.  -  0.52; 
0.69;  0.87;  Ren  ~  4.  x  10' 

F. 

Elliott  &  Samimy  |5X] 
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SHL22 

Supersonic  M.  I,„  Mr  =  0.52; 
0.535;  0.58;  0.64;  1.04;  }{<  „  ~ 

S  x  HV' 

F. 

Dcbisschop.  Bane  &  Bonnet  [45] 

Pg- 

152 

Jets 


SHL30 

Round  jet 

E 

Hussein  et  cil  |90] 

pg.  154 

SIIL31 

Plane  jet 

E 

Guimark  &  Wypnanski  |72] 

pg.  156 

0;  experimental  eases,  N;  numerical  ones.  Consult  individual  data  sheets  for  more  details 
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Summary 

K  hr 

The  chapter  starts  with  the  simplest  boundary  layer  flow: 
incompressible,  two  dimensional  flow  over  a  smooth  flat 
surface  with  no  imposed  pressure  gradient.  Then  the  ef¬ 
fects  of  adverse  pressure  gradients  are  introduced  followed 
by  separation  from  a  smooth  surface.  The  complicating  ef¬ 
fects  of  surface  curvature  are  then  discussed.  The  chapter 
ends  with  the  case  of  a  boundary  layer  which  has  expe¬ 
rienced  both  pressure  gradients  and  surface  curvature  and 
then  relaxes  back  to  an  undisturbed  stale. 

7.1  Introduction 

Turbulent  boundary  layers  have  been  investigated  experi¬ 
mentally  lor  at  least  the  past  75  years.  As  a  result  a  vast 
body  of  duta  exists.  For  the  first  half  of  this  period  mea¬ 
surements  were,  in  the  main,  confined  to  the  moan  tlow  by 
the  lack  of  sui'ublc  instrumentation  and  arc  therefore  inad¬ 
equate  for  LES  validation. 

Data  measured  prior  to  198(1  was  extensively  evaluated 
and  documented  for  the  Stanford  conference  which  had 
the  aim  of  detailing  experimental  data  which  could  be  used 
in  Reynolds  averaged  turbulence  model  development.  The 
Stanford  database  is  available  on  the  worldwide  web  at 
htt  p  ;  /  /www-saf'ml  .Stanford,  edu/cantwel  1  /  . 

The  Stanford  conference  was  followed  a  decade  later  by 
the  Collaborative  Testing  of  Turbulence  Models  (CTTMl 
project  organised  by  Bradshaw  ct  al.  The  database  used  in 
the  CTTM  project  is  available  from  the  Journal  of  Fluids 
Engineering  databank  as  item  DB96-243  at 
http://scliolar.lib.vt.  edu/  . 

More  recently  a  database  of  experimental  and  DNS  results 
has  been  set  up  by  the  EKCOITAC  collaborative  venture 
and  is  available  at 

http :  //f luindiyo  .much .  surrey  .ac.uk/  . 

Wherever  possible  the  data  described  below  is  in  addition 
to  that  contained  in  the  above  databases  and  has  been  se¬ 
lected  with  the  particular  requirements  of  LES  validation 
in  mind.  Lack  of  space  together  with  the  current  state  of 
development  of  LES  have  restricted  the  choice  of  data  to 
two-dimensional,  incompressible  Hows  which  nevertheless 
contain  a  wide  range  of  turbulence  behaviours  which  must 
be  correctly  simulated. 


7.2  Zero  pressure  gradient 

As  the  simplest  form  of  boundary  layer,  the  flow  with  zero 
pressure  gradient  over  a  smooth  flat  surface  has  been  exten¬ 
sively  studied  experimentally.  As  noted  above  much  of  the 
early  data  is  confined  to  measurements  of  only  the  mean 
flow  quantities,  The  first  major  review  of  the  data  was 
undertaken  by  Coles  |38|  in  1962.  Since  then  of  course 
the  volume,  of  data  has  increased  enormously  and  its  range 
now  covers  ().">  <  Up  x  U)  :1  <  220,  where  Ro  is  the 
Reynolds  number  based  upon  momentum  thickness,  In  the 
above  range  the  low  values  are  achievable  by  Direct  Nu¬ 
merical  Simulation  whilst  the  highest  values  are  achieved 
by  making  measurements  on  the  walls  of  large  industrial 
wind  tunnels. 

For  the  present  purpose  of  recommending  datasets  which 
can  he  used  for  LES  validation,  this  huge  volume  of  data 
presents  problems,  since  ns  explained  below  it  is  necessary 
to  cover  the  Reynolds  number  range  and  no  experiment 
or  set  of  experiments  has  emerged  as  'best  buy',  Fortu¬ 
nately  Coles'  pioneering  work  has  been  carried  forward  in 
two  very  recent  publications,  a  major  review  by  Fcrnholz 
&  Finley  |60]  and  an  ACiARDOGRAPH  edited  by  Saric 
1 186)  What  follows  is  an  attempt  to  precis  this  work.  This 
precis  should  be  used  merely  as  an  introduction  and  any¬ 
one  attempting  to  simulate  zero  pressure  gradient  flow  is 
strongly  advised  to  refer  directly  to  the  ougiaal  reviews. 

7.2.1  Mean  flow  behaviour 

The  turbulent  boundary  layer  cquationsdiffer  from  the  lam¬ 
inar  ones  only  in  the  additional  turbulent  shear  stress  term 
—pii'v'.  An  immediate  result  is  that  a  turbulent  bound¬ 
ary  layer  has  two  characteristic  length  scales,  rather  than 
one.  A  measure  of  the  boundary  thickness,  such  as  <5,  is 
the  appropriate  length  scale  in  the  outer  part  of  tile  layei. 
away  from  the  wall,  and  is  thus  termed  the  outer  length 
scale.  The  viscous  length.  iz/u,.  where  uT  is  the  friction 
velocity,  is  the  appropriate  length  scale  near  the  wall,  and  is 
termed  the  inner  length  scale,  in  contrast  the  laminar  zero 
pressure  gradient  boundary  lavei  lias  a  single  length  scale, 
so  that  it  is  possible  to  obtain  a  full  similar¬ 
ity  solution  for  laminar  boundary  layers  bin  not  lor  turbu¬ 
lent  boundary  layers.  For  turbulent  boundary  layers,  sup 
aratc  similarity  laws  for  the  inner  and  outei  Hows  must  he 
sought.  The  ratio  of  the  outer  and  inner  length  scales  4  1  (=. 
ho,  I'1  ),  increases  with  increasing  Reynolds  number  and 
therefore  the  shape  of  the  mean  velocity  piofile  must  also 


38 


be  Reynolds  number  dependent. 

The  viscous  sublayer 

In  zero  pressure  gradient,  very  near  the  wall  the  x  momen¬ 
tum  equation  has  the  solution. 

U  _  1/1/ r 
u,  u 

That  is,  very  dose  to  the  wail,  the  velocity  varies  linearly 
with  distance  Irani  the  wall. 

The  law  of  the  wall  out!  the  defect  low 


of  course,  the  Reynolds  number  dependence  is  implicit  in 
A  and  ur. 

So  finally  we  have  the  very  useful  result  that  to  be  consis¬ 
tent  with  the  experimental  data  any  I. HS  must  produce  this 
mean  (low  profile. 

Although  the  delect  law  given  above  has  been  generally 
accepted  by  most  researchers  Uarenhlait  |1)]  and  George 
cl  al  |69|  have  argued  that  ur  is  not  the  correct  velocity 
scale  for  the  outer  floss.  Instead  they  use  As  a  result 
both  the  lasv  of  the  wall  and  the  defect  law  assume  power 
law  rather  than  logarithmic  forms.  Fortunately  in  practice 
the  two  forms  are  not  very  different  except  al  very  high 
Reynolds  numbers. 


For  the  near  wall  llow  Prandtl  argued  that  the  viscosity, 
wall  shear  stress  and  distance  from  the  wall  are  the  impor¬ 
tant  parameters.  Dimensional  analysis  then  gives 


which  is  known  as  the  law  of  the  wall.  Similarly,  well 
away  from  the  wall,  von  Kantian  suggested  that  viscosity 
would  he  less  important  and  the  houndary  layer  thickness, 
(S,  would  enter  as  the  length  settle.  Dimensional  analysis 
then  gives 


Uf  -  V 
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which  is  known  us  the  defect  law.  Matching  the  veloc¬ 
ity  and  velocity  gradients  of  these  two  laws  in  the  region 
where  they  overlap  yields 


V 
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for  the  law  of  the  wall,  where  u  --  0.40  and  (■  —  5.10.  and 


for  the  defect  law,  where  in  both  eases  the  constants  are 
possibly  Reynolds  number  dependent.  The  appearance  of 
6  in  the  defect  law  is  unfortunate  as  it  is  difficult  to  ob¬ 
tain  accurately  from  experiments.  It  is  preferable  to  follow 
Rolla  and  use  a  weighted  integral  thickness  A,  wheie 


where  5*  is  the  displacement  thickness,  so  that  the  dcf/Vt 
law  becomes 


Fenihol/  &  Finley  have  shown  that  if  this  is  expressed  as 


l'r  -  U 
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where  M  —  4.70  and  A’  —  (J . 7 ■  I  then  in  combination  with 
the  law  of  the  wall  we  have  an  effective  universal  mean 
velocity  profile,  m  the  overlap  region,  over  the  complete 
Reynolds  number  range  of  0.5  <  He  x  It)  ■'  <  11711.  Now. 


7.2.2  Turbulence  Data 

The  success  of  the  inner  and  outer  scalings  for  the  mean 
velocity  naturally  encourages  the  search  for  similar  settl¬ 
ings  for  the  turbulence  quantities.  That  is  close  to  the 
wall,  when  suitably  normalised  by  ur,  do  quantities  be¬ 
come  unique  functions  of  // 1  =  ( Whilst  away  from 
the  wall  are  they  functions  of  i//A? 

The  following  sections  give  Feinholz  At  Finley’s  conclu¬ 
sions  to  these  questions  for  turbulence  profiles  in  the  range 
2.5  <  lie  x  It)  ':l  <  GO. 


Kcynohh  Stresses 

Dealing  first  with  the  Reynolds  normal  stress  (ptiri)  this  is 
observed  to  exhibit  similarity  when  plotted  against  yA'  in 
the  viscous  sub-layer  and  the  buffet  layer  (j/+  <~  30).  In 
outer  variables  the  data  collapse  well  foi  l// A  >  0,(M(j//<5  > 
0.1)  for  lie  >  5t)l)(t  that  is  in  the  logarithmic  layer  and  the 
outer  region. 

The  normal  stress  {pc'1)  which  is  associated  with  fluctua¬ 
tions  normal  to  the  wall  shows  no  evidence  of  similarity  in 
inner  variables.  In  outer  variables  similarity  is  once  more 
evident.  The  if'  location  of  the  peak  value  of  if) 
moves  away  from  the  wall  with  increasing  /in.  This  trend 
can  he  approximated  by 

//*—  =  0.071  tin. 

ti',J) . 

The  results  for  the  third  normal  sttess,  (pie11)  arc  similar 
in  that  no  similarity  is  found  in  the  innei  vaiialdes  hut  sim¬ 
ilarity  is  present  in  outer  variables.  The  location  of  the 
maximum  value  also  appears  to  move  away  from  the  wall 
with  increasing  Ii0  but  cannot  be  determined  with  suffi¬ 
cient  accuracy  to  determine  a  trend  line 

The  Reynolds  shear  stress  (-pu'e1)  is  more  difficult  to 
measure  accurately  very  close  to  the  wall  as  an  X  probe 
must  be  used.  Nevertheless  there  is  evidence  ol  possible  in 
net  legion  similarity  for i/ 1  ,  ss  1 50.  Similarity  in  the  outer 
lava,  i //A  0.00,  is  observed  for  nil  the  Reynolds  num¬ 

ber  range.  The  location  of  the  peak  shear  stress  is  again  a 
him  lion  of  lie  with  a  It  end  described  by 


Skewness  and  Flatness  Distributions 

The  sealed  third  inunienl  of  a  quantity,  such  as 
describes  the  skewness  S,e  or  asynmielry  of  the  probabil¬ 
ity  distribution  of  tib_The  function  is  symmetric  about  the 
origin,  Su’  =  0,  if  it'3  —  U.  A  positive  vnl.x  of  Su'  implies 
that  large  positive  values  of  u1  are  more  frequent  than  large 
negative  values.  For  a  Gaussian  distribution,  ,S’„>  —  O.The 
fourth  inomcnl  or  llalness,  /*'„■,  of  (he  u*  distribution  is 
given  by  it'*  scaled  by  (x/u'-)'1.  and  is  a  measure  of  the 
frequency  of  occurrence  of  events  far  from  the  axis.  If 
these  are  relatively  frequem.  F„-  will  lake  values  greater 
than  the  Gaussian  value  of  3, 

Fcrnholz  &  Finley  found  that  in  inner  variables  indepen¬ 
dence  of  Reynolds  number  is  apparent  for  S„<  in  the  vis¬ 
cous  sub  layer  and  for  both  Su>  and  F,,'  in  the  log  law 
region  with  .S„.  0  and  F„>  s;  2.80.  Itoth  5,,'  and  F„- 

exhibit  similarity  when  plotted  against  y/tS. 

The  skewness  SW'  of  tin;  spanwise  coinponenl  in'  is  zero 
for  a  two  dimensional  layer.  The  Fatness  F,„.  exhibits  sim¬ 
ilarity  in  both  inner  and  outer  scalings. 

For  the  wall  normal  component ,  v',  the  flatness  factor  F,,> 
is  approximately  constant  («  3.4)  over  the  log  law  region 
and  so  independent  of  /f,j.  Once  again  both  skewness  and 
flatness  exhibit  similarity  in  outer  sealing. 

Although  not  as  satisfying  as  the  complete  similarity  pro¬ 
duced  for  the  mean  flow,  the  range  of  similarities  detected 
for  the  turbulence  quantities  still  provide  important  valida¬ 
tion  criteria  for  the  results  of  any  Large  Lidtly  Simulations. 

7.2.3  Experimental  Data 

Rather  than  a'templ  to  seek  agreement  with  any  particular 
experiment  it  is  recommended  that  simulations  should  lie 
checked  against  the  similarity  laws  outlined  above.  A  set 
of  data  at  an  lip  of  1 438  is  incidentally  available  at  the  first 
measuring  station  o('TBI.3(),  mid  collection  of  mean  and 
fluctuation  profiles  in  the  range  lle.g  x  1(1  :i  -  4  —  13  is 
included  us  TBLOO. 

7.2.4  Numerical  Data 

The  numerical  requirements  for  the  simulation  ol  turbulent 
boundary  layers  are  more  strict  limn  those  lor  flee  shear 
flows  or  for  wall-bounded  parallel  Hows,  sucli  as  pipes  or 
channels,  A  true  simulation  of  a  turbulent  boundary  layer 
would  include  its  development  from  some  forward  stagna¬ 
tion  point,  its  transition  region,  either  natural  or  tripped, 
and  its  spatial  growth  to  a  reasonably  high  Reynolds  num¬ 
ber,  Sucli  a  direct  numerical  simulation  docs  not  exist 
a!  present,  'Flic  closest  equivalent  is  Spalart's  simulation 
in  [198|  in  which  the  boundary  layer  is  simulated  in  a 
strcamwisc  periodic  box.  hut  where  the  effect  of  slrcutn- 
wisc  growth  is  simulated  by  including  extra  terms  derived 
from  a  multiple  scale  analysis.  The  rexuhing  equations  are 
accurate  to  ()(<•/).  Four  Reynolds  numbers  were  originally 
computed  lor  this  flow,  of  which  the  two  inlcrmcdialc  ones, 
at  Ili’ii  —  3(10  and  670.  arc  included  in  the  data  base  as 
TBL01.  The  two  extreme  ones,  although  needed  to  esti¬ 


mate  tile  slow  growth  terms  used  in  the  simulation,  are  now 
believed  to  suffer  from  slight  numerical  inaccuracies.  The 
two  included  data  sets  arc  now  considered  standard  results 
for  low  to  moderate  Reynolds  numbers.  Another  simula¬ 
tion  of  a  pressure  driven  boundary  layer  using  a  similar 
numerical  method  is  [  1 97) . 

The  lowest  of  the  two  Reynolds  numbers  is  actually  be¬ 
low  the  threshold  for  which  seif-sustained  turbulence  lias 
traditionally  been  assumed  to  exist  1 1 7 1 J,  and  should  prob¬ 
ably  not  be  used  as  a  reference  set  by  itself.  It  has,  for 
example,  only  a  marginally  developed  logarithmic  law,  It 
should  however  Ik  useful  as  inlet  condition  for  simulations 
of  developing  boundary  layers,  in  which  an  initially  low 
Reynolds  number  may  not  Ik  too  important.  A  method  lor 
doing  so  is  described  in  [155],  where  it  was  used  to  sim¬ 
ulate  tile  separation  bubble  in  TBI-21.  Full  flow  fields  for 
the  two  Flc.n  are  included  for  litis  purpose. 

7.3  Adverse  pressure  gradients 

7.3.1  Experimental  Data  Sets 

Once  again  a  very  large  volume  of  data  exists,  much  of 
which  is  documented  in  die  Stanford  and  ERCOITAC  data 
bases.  Here  we  concentrate  on  more  recent  data  which  ei¬ 
ther  includes  spectra,  us  in  the  case  of  the  Marusic  &  Pony 
experiment.  (142],  TBLIO,  or  naturally  merits  inclusion  as 
it  was  specifically  designed  to  complement  DNS  data,  ns  in 
die  ease  of  the  Spnlnrt  &  Watmuff  experiment,  [201.  220) 
TBL12. 

7.3.2  Numerical  Data  Sets 

One  numerical  data  set  included  in  ibis  section,  TBLil, 
which  was  originally  designed  as  a  reference  case  for  RANS, 
describes  an  attached  turbulent  boundary  layer  subject  to 
an  adverse  pressure  gradient,  it  contains  both  the  numeri¬ 
cal  simulation  |2()1 1  and  experimental  data  especially  com¬ 
piled  for  tiie  occasion  |220|.  Both  experiment  and  simula¬ 
tion  agree  closely,  but  die  experimental  data  extend  over  a 
longer  distance  than  die  simulation,  and  both  are  included. 
The  numerical  simulation  uses  a  “fringe"  method  in  which 
extra  terms  similar  to  those  used  in  TBL0I  to  model  the 
slreamwise  growth  have  been  eon  lined  to  narrow  bunds 
near  die  ends  of  the  computational  domain,  making  die 
overall  llow  spatially  periodic  even  iT  the  boundary  layer 
is  left  to  thicken  naturally  over  most  of  the  computational 
box.  In  this  sense  it  is  n  more  “iiaxural"  flow  than  TBL01, 
but  still  lias  an  artificial  recycling  of  the  inlet  llow  that 
makes  it  roughly  equivalent  to  a  tripped  layer,  An  ini¬ 
tial  region  of  favourable  pressure  gradient  was  included 
both  in  the  experiment  and  in  die  compulation  to  minimise 
memory  effects  from  the  trip.  The  inlet  Reynolds  number 
and  numerical  resolution  are  comparable  to  lliosc  in  the 
higher  Reynolds  number  case  ol'TBI.OI,  and  were  thor¬ 
oughly  checked  in  the  original  papers  1 198,  201 ). 

7.4  Separation 

7.4.1  Experimental  Data  Sets 
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The  measurement  of  Hows  involving  separation  from  a  smooth 
surface  presents  extreme  difficulties  for  the  experimenter, 
Non-inlrusivc  instrumentation  is  essential  so  that  reliable 
data  sets  had  to  await  the  development  of  the  I.aser  Doppler 
Anemometer.  Maintaining  two  dimensional  or  axisymmet- 
rie  ilow  is  also  particularly  difficult  and  usually  involves 
much  ‘cut  and  try’  development.  The  experiment  by  Simp¬ 
son  el  al,  1 192,  193,  190]  for  which  die  majority  of  the 
data  (with  the  exception  of  the  transverse  velocity  mea¬ 
surements)  is  available  from  the  Stanford  database,  is  a 
possible  tcslcase  hut  is  an  open  separation  and  would  re¬ 
quire  inflow  boundary  conditions  downstream.  Fortunately 
the  data  of  Alving  &  Fernhol/.  |3),TBL20,  has  recently 
become  available.  Here  a  turbulent  boundary  layer  on  a 
smooth,  axisymntetric  body  is  exposed  to  an  adverse  pres¬ 
sure  gradient  of  sufficient  strength  to  cause  a  short  region 
of  mean  reverse  flow  (‘separation’).  The  pressure  distribu 
tion  is  tailored  such  that  the  boundary  layer  reattaches  and 
then  develops  in  a  nominally  zero  pressure  gradient. 

7.4,2  Numerical  Data  Sets 

The  two  data  sets  1 155,  199]  represent  roughly  the  same 
flow,  an  initially  turbulent  boundary  layer  subject  to  an  ad¬ 
verse  pressure  gradient  strong  enough  to  induce  separation, 
and  immediately  followed  by  a  favourable  gradient  that 
closes  the  separation  bubble.  Beyond  that  they  are  quite 
different  numerically  and  aerodynamic-ally.  The  numeri¬ 
cal  scheme  in  TB1.22  [199]  is  the  fringe  method  used  in 
TBLI I ,  while  TBL2 1  [  1 55)  uses  actual  inflow  and  outflow 
conditions  in  which  the  inflow  is  provided  by  a  slightly  ma¬ 
nipulated  version  of  the  fii'o  —  300  /.cro-pressurc-gradient 
boundary  layer  in  TBI.01.  The  inlet  Reynolds  number  in 
TBL22  is  lower,  Hep  «  230,  and  the  setiliog  length  til- 
lowed  to  the  layer  before  the  adverse  pressure  gradient  is 
applied  is  also  shorter  than  in  the  other  case  As  a  conse¬ 
quence  the  incoming  boundary  layer  never  becomes  fully 
turbulent  before  separating  and,  in  particular,  never  devel¬ 
ops  a  logarithmic  region.  The  separation  bubble  in  TBL22 
is  smaller  than  in  TBI.2 1 ,  and  the  region  beyond  reutiach- 
menl  is  not  long  enough  to  allow  for  significant  recovery 
of  the  turbulent  profiles.  Till, 2 1  was  designed  for  aern- 
aeoustics  studies,  and  it  was  run  for  an  exceptionally  long 
time  to  compile  spatio-temporal  pressure  information.  A 
side  effect  is  that  the  averaging  time  for  the  statistics  is 
also  exceptionally  long,  which  is  an  important  considera¬ 
tion  given  the  long  characteristics  limes  inherent  to  recir¬ 
culation  regions.  In  all  these  respects  TB1.21  should  be 
used  as  a  test  ease  in  preference  to  TBI.22.  The  latter  is 
however  interesting  in  that  it  is  one  of  the  few  simulations 
of  separated  flows  which  include  a  healed  wall,  showing 
highly  counter-intuitive  heal  transfer  effects  in  the  separa¬ 
tion  bubble. 

The  muneiieal  resolution  in  both  cases  is  noi'iinally  simi¬ 
lar,  anil  of  the  same  order  as  in  the  two  other  simulations 
mentioned  above.  However,  while  TBI.22  uses  the  same 
spectra!  method  as  in  the  previous  eases  (200).  TBI.2 1 
uses  a  secmid-oidci -accurate  finite  difference  scheme.  I'm 
which  the  resolution  requirements  should  be  about  50'." 
larger  than  for  spectral  methods  before  dcahnsinp.  (hid 


refinement  studies  in  1 1 98),  in  which  resolution  was  pur¬ 
posely  degraded  by  a  factor  of  two,  showed  significant  ef¬ 
fects  on  the  skin  friction,  and  the  possibility  that  there  may 
he  marginal  resolution  problems  in  TBL2I  should  be  kept 
in  mind.  The  numerical  resolution  in  both  cases  is  how¬ 
ever  measured  in  wall  units  based  on  the  point  of  highest 
skin  friction  in  the  domain,  which  is  near  the  inlet.  As 
the  boundary  layer  thickens  downstream  the  skin  friction 
decreases  and  the  effective  resolution  improves.  Near  the 
separation  region  it  appears  likely  that  the  resolution  of 
both  simulations  is  more  than  adequate. 

7.5  Surface  curvature 

Sucamwise  surface  curvature  produces  significant  changes 
in  the  turbulence  structure  within  the  boundary  layer.  Con¬ 
cave  curvature  is  destabilizing  (i.c,  turbulent  mixing  is  cn 
hanccd)  whilst  convex  curvature  is  stabilising.  These  ef¬ 
fects  become  significant  when  the  ratio  of  boundary  layer 
thickness  to  surface  radius  of  curvature  is  of  order  0.01 .  an 
order  of  magnitude  earlier  than  curvature  effects  are  sig¬ 
nificant  in  laminar  flows. 

The  experiment  by  Johnson  it  Johnston.  |9R|,TRL30,  elm- 
sen  here  is  an  extension  of  another  experiment  using  the 
same  apparatus  by  Barlow  &  Johnston  1 10). 

7.6  Relaxing  flow 

The  difficulty  of  piedieting  turbulence  relaxation  from  a 
major  perturbation  is  often  noted.  The  rate  of  relaxation 
varies  with  eddy  si/e  which  requires  skilful  modelling  of 
the  turbulence.  Since  the  success  of  Inrgc-eddy  simula¬ 
tion  depends  on  the  props  r  representation  of  the  interaction 
between  the  suligrid  scales  and  the  larger  scales,  relaxing 
flows  can  be  a  significant  lest  of  tbs’  calculations 

Tbs-  numerous  investigations  of  perturbed  flows  prior  to 
1935  were  reviewed  in  Smils  &  Wood  |l9(i).  Since  then 
other  investigations  have  been  conducted  such  as  the  Bus-- 
kar.in.  Sinits  iVi  Jouhert  |  I  t,  1 5 1  experiments  on  the  flow 
over  a  hill.  Tlu-  particular  needs  of  turbulence  simulators 
have  been  recognized  increasingly  in  recent  years,  partic¬ 
ularly  the  need  for  well-established  boundary  and  initial 
conditions  and  for  flows  which  can  be  used  to  examine 
the  capabilities  of  simulations  without  so  much  complex¬ 
ity  that  the  detailed  dynamics  cannot  he  understood.  One 
such  experiment  selected  for  this  database,  TBI.3 1 ,  is  that 
of  Webster.  DcCiraafl  &  Baton  |22l|  which  examined  the 
flow  over  a  smooth  hump  large  enough  to  perturb  the  tur¬ 
bulence,  but  just  gentle  enough  to  avoid  flow  separation. 
The  experiment  was  designed  with  LF.S  in  mind  and  coor¬ 
dinated  with  one  such  effort.  The  flow  is  similar  in  some- 
ways  to  the  flow  over  an  airfoil  hut  without  the  complica¬ 
tions  of  laminar/tui Indent  transition  and  stagnation  points. 
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7.7  SUMMARY  OF  BOUNDARY  LAYER  FLOWS 


Zero  pressure  gradient. 


TBLOO 

Basic  flat  plate 

E 

Smith  and  Smits  [194| 

pg.  161 

TBL01 

Pseudo-zero  pressure  gradient 

N 

Spalart  &  Cantwell  [ 198J 

pg.  163 

Adverse  pressure  gradient. 


TBI.10 

APG 

E 

Marusic  &  Perry  [142] 

pg.  165 

TBL1I 

APG 

N 

Spalart  &  Wat  muff  [201] 

pg.  167 

TBL12 

APG 

E 

Watinuff  [220] 

pg.  169 

Separation. 


TBL20 

Closed  separation  bubble 

E 

Alving  &  I'crnhol/.  [3J 

pg.  171 

TBI.21 

Closed  separation  bubble 

N 

Na  &  Moin.  [155] 

pg.  173 

TBL22 

Small  heated  separation  bubble 

N 

Spalart  &  Coleman  1 1991 

Pg.  177 

Non-trivial  geometries. 

TBL30 

Curved  plate 

E 

Johnson  &  Johnston  [10] 

pg.  179 

TBL31 

Mild  bump 

R 

Webster  etal  [221] 

pg.  181 

K:  experimental  cases.  N:  numerical  ones,  Consult  individual  data  sheets  for  inure  details 
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8.1  Introduction 

As  advances  in  numerics  and  in  computer  power  provide 
faster  and  more  aecuinte  simulations,  the  flow  configura¬ 
tions  selected  for  examination  will  lend  toward  the  more 
challenging  geometries  and  conditions.  Thus  a  group  of 
more  complex  flows  has  been  selected  for  inclusion  in  this 
database;  Flow  in  a  square  duel;  the  wake  of  circular  and 
square  cylinders;  and  the  backward  facing  step.  Hath  has 
its  own  paiticular  difficulties,  such  as  secondary  How  ;,  thin 
shear  layers,  and  vortex  formation. 

Complexity  in  turbulent  llow  has  been  the  subject  of  in¬ 
quiry  for  several  decades.  The  categorization  of  Hows,  par¬ 
ticularly  for  modelling  purposes,  based  on  rational  notions 
of  flow  properties  was  addressed  by  Bradshaw  |24|.  Fit; 
distinguished  among  complex  flows  by  the  type  of  shear 
Hows,  their  interactions,  and  the  magnitude  of  a  perturba¬ 
tion.  such  as  a  backstop.  More  recent  reviews  include  1 196] 
and  |I72|.  Many,  if  not  most,  of  the  complex  Hows  de¬ 
scribed  in  the  reviews  are  beyond  the  capabilities  of  present 
large-eddy  simulations,  though  advances  continue  to  ex¬ 
pand  their  number.  The  flow  configurations  discussed  in 
this  chapter  (summarized  in  Table  I .)  were  selected  to  be 
addressable  at  present  oi  in  the  very  near  future  at  lower 
Reynolds  numbers,  but  at  higher  Reynolds  number  they 
should  remain  challenging  for  some  lime  to  come. 

8.2  Flow  in  a  square  duct 

Fully  developed  turbulent  llow  in  non-circular  duels  has 
long  been  an  intriguing  How  configuration  because  of  its 
transverse  (secondary)  mean  motion.  At  first  glance,  there 
is  n>>  apparent  reason  why  the  transverse  motion  should 
occur,  and  indeed  m  fully  developed  laminar  How  it  is  not 
generated;  its  source  is  the  turbulence  alone.  This  llow 
is  thus  of  particular  interest  to  those  pursuing  turbulence 
modelling  or  simulation,  because  if  the  turbulence  is  not 
represented  properly  in  their  calculations,  the  errors  will 
be  readily  apparent  in  both  the  turbulence  quantities  and  in 
the  mean  secondary  flow. 

The  investigation  of  corner  llow.  with  its  obvious  applica¬ 


bility  to  practical  configurations,  has  a  long  history.  This 
record  prior  to  1984  has  been  teviewed  thoroughly  by  De- 
nuiren  and  Rodi  [48],  denoted  herein  as  D&R,  which  will 
thus  be  merely  summarized.  Prandll  developed  a  classifi¬ 
cation  of  secondary  flows  including  those  of  the  "second 
kind”  generated  by  turbulence  alone,  but  it  was  not  until 
I960  that  the  first  actual  measurements  of  the  secondary 
motion  were  reported.  As  with  all  duel  and  pipe  experi¬ 
ments,  an  important  question  is  whether  full  development 
of  the  llow  has  been  achieved.  D&R  notes  tha;  this  “cannot 
be  answered  with  certainly  in  most  eases."  This  difficulty 
with  inflow  conditions  is  one  reason  why  direct  numerical 
simulations  arc  so  attractive  to  modellers,  oven  consider¬ 
ing  their  other  limitations  such  as  lew  Reynolds  numbers. 
The  data  of  Gessncr  and  Emery  [70]  is  considered  by  D&R 
and  lluser  and  Biringcn  [86]  to  be  adequately  developed. 
That  data  was  at  veiy  high  Reynolds  number,  however,  and 
must  he  scaled  with  the  local  friction  velocity  for  compari¬ 
son  with  other  data  and  calculations.  Recently  experiments 
by  Hiroia's  group,  Nagoya  University,  at  tower  Reynolds 
numbers  have  been  reported  and  are  the  data  included  here. 

8.2.1  Experiments 

Improvements  in  the  qualhy  e.f  data  measured  in  this  diffi¬ 
cult  now  have  followed  the  development  of  enhanced  mea¬ 
surement  techniques.  Rotation  of  single  element  hot-wires 
was  replaced  by  use  of  multi-wire  probes  together  with  ad¬ 
vanced  data  acquisition  and  processing  techniques  to  re¬ 
duce  measurement  error,  particularly  in  the  turbulence  quail- 
lilies.  Thus  the  data  of  Hilda's  group  [227]  [64],  which 
rellects  these  improvements,  has  been  selected  for  this  data 
base  (dalasct  CMP00).  The  measurements  were  conducted 
at  90  hydraulic  diameters  from  the  entrance  and  thus  do  not 
suffer  from  incomplete  development.  This  is  confirmed  by 
global  quantities  such  as  mean  resistance  which  agree  with 
established  values.  Furthermore,  remarkably  good  sym¬ 
metry  is  noted  in  both  the  contours  of  mean  velocity  and. 
more  importantly,  in  the  turbulence  quantities  including 
the  difficult  dilfeicnecs  in  the  important  cross-planar  nor¬ 
mal  stresses. 
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8.2.2  Simulations 

The  difficulties  in  measuring  certain  turbulence  quantities, 
such  as  ifiiTi)  and  the  fluctuating  voriicity,  and  in  establish¬ 
ing  fully  developed  conditions  for  this  configuration  make 
direct  numerical  simulation  (DNS)  of  the  turbulence  attrac¬ 
tive  for  addressing  questions  of  physics  and  for  develop¬ 
ment  of  large-eddy  simulation  techniques.  Such  simula¬ 
tions  arc  necessarily  limited  to  low  Reynolds  numbers,  but 
within  this  constraint  they  can  provide  information  on  any 
and  all  variables  of  interest.  Advances  in  this  field  have 
led  to  criteria  for  simulations  of  adequate  resolution  and 
accuracy  and  have  produced  a  wealth  of  information  on  a 
variety  of  Dow  configurations. 

Thus  flic  results  of  a  DNS  "numerical  experiment"  on  the 
flow  in  a  square  duct  is  included  in  this  database.  There  tire 
two  notable  simulations  of  this  configuration:  (javril.ikis 
[66]  and  Huscr  &  Biringen  [80].  Httser  el  til  [87]  .  The 
simulation  of  [861  [87)  was  at  twice  the  Reynolds  number 
of  [66]  and  was  thus  selected  for  this  compilation  (data  set 
CMP0I).  Two  calculations  are  described  in  the  reference, 
hut  only  the  higher  resolution  data  are  included  here. 

8.3  Flow  around  a  circular  cylinder 

The  flow  around  a  circular  cylinder  is  perhaps  the  paradigm 
of  complex  flows.  It  is  simple  in  geometry  yet  remark¬ 
ably  complex  in  flow  features,  including  thin  separating 
shear  layers  and  large  scale  unsteadiness  in  the  vortex  for¬ 
mation  and  shedding.  Both  of  these  features  are  difficult 
to  capture  in  large- eddy  simulations  so  that  this  flow  re¬ 
mains  a  challenge  to  all  new  computational  formulations, 
'lhcrc  have  been  numerous  experiments  on  cylinder  flows 
of  many  kinds  including  the  simple  infinite  cylinder  normal 
lo  the  flow,  cylinders  at  angles,  cylinders  of  short  aspect 
ratios,  and  tapered  cylinders  among  others,  Experiments, 
however,  which  recorded  time-resolved  data  at  Reynolds 
numbers  large  enough  for  a  turbulent  wake,  are  difficult 
and  rare.  Thus  only  one  dataset.  CMPIO,  is  included  here, 
that  of  the  experiments  of  Cantwell  and  Coles  [31]  which 
addressed  the  flow  around  a  long,  conslnnt-dinmclei  cylin¬ 
der  normal  to  the  flow, 

8.3.1  Experiment 

The  vortex  shedding  from  the  circular  cylinder  presents 
difficulties  for  measuring  the  mean  statistics  of  the  flow 
and  turbulence.  There  is  regularity  in  the  shedding,  but 
there  is  also  a  level  of  irregularity  which  must  he  addressed. 
Today,  global  measurement  techniques,  such  as  particle 
image  velocimctry,  can  capture  a  flow  field  at  an  instant 
to  display  the  spatial  variations  in  velocity,  hut  temporal 
statistics  arc  still  a  challenge  in  that  many  such  images 
must  he  recorded  and  analyzed.  A  point  measurement  tech¬ 
nique.  in  particular  hol-wirc  uncmomclry,  is  able  to  tecord 
time  records,  but  cnnnol  easily  address  spatial  variations 
such  as  the  vortex  shedding  without  averaging  out  these 
important  sti  uetures  Alsu,  hot-wire  anemometers  cannot 
normally  he  used  in  reversing  flow.  Innovative  techniques 
are  required  lo  capture  such  complex  flows  and  record  de¬ 
tailed  data  on  thei ’’  structure  and  tin  hit le nee 


figure  1:  (a)  Stmulial  number  and,  (b)  drag  coefficient 
for  the  flow  around  a  circular  cylinder  from  [31],  shown 
as  open  stars,  compared  with  data  from  other  sources 
(reprinted  from  [31 1;  see  their  table  I  for  sources  of  lines). 

The  near  wake  of  a  circular  cylinder  at  a  Reynolds  num¬ 
ber  (here  140.000)  large  enough  lo  create  a  fully  turbulent 
wake  but  laminar  sc  partition  (siibcrilicul)  generates  uirtni- 
lent  vortices  in  a  nearly  periodic  fashion.  If  the  cylinder  is 
smooth  and  long  (compared  to  its  diameter),  if  cud-plates 
are  used,  and  if  it  is  placed  normal  to  a  steady  flow  of  low 
turbulence,  then  the  regularity  and  two-dimensionality  of 
the  vortices  will  he  maximized.  There  will  still  he  vari- 
niinns  in  the  phase  of  the  shedding,  hut  it  will  be  small 
enough  that  it  can  he  accomodated  with  appropriate  mea¬ 
surement  techniques.  A  ‘flying  hot  wire'  and  a  pressure 
based  sampling  method  were  employed  in  this  experiment 
as  described  below.  Any  point  measurement  of  velocity 
in  this  flow  raises  questions  about  distinguishing  between 
■jitter'  and  turbulence.  Inn  these  are  presumably  of  less  im¬ 
portance  lo  the  large-eddy  simulations  than  to  RANS  pre¬ 
dictions.  However,  the  compulation  of  statistical  proper¬ 
ties  should  use  methods  appropriate  for  the  measurements 
conducted  in  the  dataset  being  used  for  evaluation. 

Measurements  of  the  Strouhal  number  and  drag  coefficient 
against  Reynolds  nimiher  in  the  data  included  here  from 
Cantwell  and  Coles  (31.  set  CMPI0|  compare  favourably 
with  other  experiments  (see  figures  I  and  2)  There  is  a 
somewhat  surprising  vniialmn  in  the  values  reported  for 
both  quantities. 

8.4  Flow  around  a  square  cylinder 

The  Mow  around  a  sipiwc  cylinder  is  an  important  case  fur 
lestinp  calculation  procedures  for  complex  turbulent  Hows 
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Figure  2:  Summary  of  Strouhal  numbers  and  drag  coeffi¬ 
cients  for  circular  cylinders  from  [31)  compared  to  those 
from  1 129 1 , 

because  it  has  a  simple  geometry  but  involves  complex 
physical  phenomena  such  as  vortex  shedding  and  also  tran¬ 
sition  at  higher  Reynolds  numbers.  The  important  differ¬ 
ence  from  the  circular  cylinder  ease  is  that  the  separation 
point  is  lixed  at  the  front  corner  of  the  cylinder. 

Vortex  shedding  is  found  for  Reynolds  numbers  higher  than 
about  70  and  remains  laminar  and  approximately  2D  up  to 
a  Reynolds  number  of  about  600  |52|.  At  higher  Reynolds 
numbers  the  separated  shear  layers  over  the  side  walls  of 
the  cylinder  undergo  transition,  and  this  occurs  closer  to 
the  front  corner  as  the  Reynolds  number  increases.  At  the 
rear  corners  quasi-periodic  alternate  vortex  shedding  oc¬ 
curs  which  induces  the  separated  shear  layer  along  the  side 
walls  to  (lap.  The  shed  vortices  are  convected  dowusueuni 
and  they  are  eventually  broken  up  and  diffused  by  the  tur¬ 
bulent  motion.  The  wake  past  the  square  cylinder  is  about 
30%  wider  than  that  past  the  circular  cylinder  and  the  drag 
coefficient  is  higher  by  a  factor  of  1 .7. 

There  aie  considerably  fewer  experimental  studies  on  the 
flow  past  a  square  cylinder  than  for  the  (low  past  a  cir¬ 
cular  one.  Okajimu  11591  and  Davis  &  Moore  [421  have 
measured  the  influence  of  the  Reynolds  number  on  the  di¬ 
mensionless  shedding  frequency  (Stroulial  number).  In  the 
intermediate  Re  Ids  number  range,  they  are.  quite  differ¬ 
ent  (sec  figure  i,  Dkajima  carried  out  his  measurements 
witli  various  cylinders  and  in  various  fluids  so  that  iiis  re 


suits  appear  to  have  a  broader  and  more  secure  basis.  Some 
numerical  studies  (unsteady  2D  calculations  without  tur¬ 
bulence  models)  have  been  carried  out  at  low  Reynolds 
numbers  and  show  a  fairly  wide  scatter,  especially  when 
the  Reynolds  number  is  around  200  to  300.  Lift  and  drag 
coefficients  and  Strouhal  numbers  have  been  measured  by 
various  experimenters  in  the  Reynolds  number  range  2  x 
10'1  —  1 .7  x  105.  They  found  little  influence  of  the  Reynolds 
number  on  the  Strouhal  number  (St  about  0.13)  and  also 
on  the  mean  drag  coefficient  (Co  about  2.1).  There  ap¬ 
pears  to  be  no  drag  crisis  as  in  the  case  of  the  circular 
cylinder.  The  first  more  detailed  measurements  providing 
profiles  of  mean  velocities  and  stresses  due  to  fluctuations 
have  been  reported  by  Durao  el  ul  (5 1 1  for  a  Reynolds  num¬ 
ber  of  14000  (sec  Fig.  5).  Both  blockage  (13%)  and  free- 
strcain  turbulence  level  (6%)  were  quite  high.  Owing  to 
their  measurement  technique,  Durao  ct  ul.  did  not  obtain 
phase-resolved  results  but  only  mean  averages. 

The  only  experiment  with  phase-resolved  results  is  that  due 
to  Lyn  &  Rodi  [133]  and  Lyn  ct  al.  [134]  who  provided 
detailed  measurements  of  the  flow  past  a  square  cylinder 
at  Rc.  —  22,  000  obtained  with  a  laser  dopplcr  vclocime- 
ler.  In  the  first  paper,  single-component  measurements  are 
provided  for  the  shear  layer  and  reverse-flow  region  on  the 
cylinder  side  wall,  and  in  the  second  paper,  two-eomponent 
measurements  of  velocities  in  the  wake.  These  measure¬ 
ments  were  chosen  to  be  included  in  the  data  base,  CMP20. 
The  measured  relatively  slow  recovery  of  the  eentrc-linc 
velocity  in  tiie  wake,  see  figure  4.  was  sometimes  consid¬ 
ered  doubtful  (and  is  difficult  to  simulate  by  calculation 
methods),  but  it  appears  realistic  because  of  the  strong  in¬ 
dividual  vortices  that  are  sustained  quite  far  downstream  in 
this  case.  No  DNS  studies  arc  known  for  this  ease. 


Figure  3:  Strouhal  number  variation  with  Reynolds  num¬ 
ber  for  square  cylinders;  from  data  in  [  1 59]  and  [ 42] ,  com¬ 
pared  vviln  [  134]  and  1 5 1 J 

8.4.1  Experiment 

As  with  the  circular  cylinder,  experiments  which  provide 
details  of  the  flow  around  a  square  cylinder  are  difficult, 
and  it  was  not  until  the  development  of  instrumentation 
which  could  handle  the  reversed  flow  region  that  such  data 
became  available.  Kven  then  the  separations  off  the  front 
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corners  complicate  the  measurements;  the  flying  hot-wire, 
used  so  successfully  for  the  circular  cylinder  wake,  cannot 
be  used  easily  in  these  locations.  The  laser  velocimeler, 
rigged  for  directional  discrimination,  is  ideal  for  this  type 
of  problem,  however,  and  has  been  applied  to  the  square 
cylinder  of  Lyn  &  Rodi  [  1 33 1  and  l.yn  et  al.  [1 34]  (data  set 
CMP20). 


Measurements  of  time-averaged  quantities  compare  favour¬ 
ably  with  the  (scarce)  available  data,  See  figure  4  for  a 
comparison  of  strcatnwisc  variations  of  the  streamwise  com  - 
ponent  of  velocity,  its  r.tn.s.  value,  and  the  r.m.s.  value  of 
the  transverse  velocity  component.  Note  that  some  of  the 
data  is  for  a  circular  cylinder  for  reference  only. 


f  j  i  *  #  r  *  <  * 

°  °0<“  ° 


6<fP 


j.  I  i.  1  -i.J  .i.  J_i_L  i.i.  .  I 
:  3  *  i 


o  -O  *0**  O  Q 

■  Dooa  ^•O.,04on(,os  .  „ 
o?  1 


on  ; 


-  <£V 

f'  :  °au 

or  -  a  u 
a 


Figure  4:  Streamwise  variation  of  lime-averaged  (a) 
streamwise  velocity,  (b)  r.m.s.  streamwise  velocity,  and 
(c)  r.m.s.  transverse  velocity  in  cylinder  wakes,  from  data 
of:  o,(| 34];  o .  [5 1  ];  +  ,  (31].  and  o .  ( 143)  (reprinted  from 

1134].) 


8.5  Incompressible  flow  over  a  backward  fac¬ 
ing  step 

The  flow  over  a  backward  facing  step  has  become  a  canon¬ 
ical  flow  for  testing  prediction  codes.  The  simple  geome¬ 
try  of  the  walls  and  the  known  separation  point,  together 
with  the  challenges  of  the  reversing  vortical  flow  and  rent- 
(achmcnl  /.one,  provide  well-defined  conditions  and  ade¬ 
quate  flow  complexities  to  be  both  addressable  and  useful 
to  experimentalists  and  enmpuiationahsis.  Thus  there  is 
available  high  quality  data  from  both  experiments  and  di¬ 
rect  numerical  simulations,  flic  development  of  laser  vc- 
locimclcr  systems  which  can  cant  tire  reversing  flow  over  a 
wide  dynamic  range  has  permitted  documenting  the  details 
of  the  flow  Held  beyond  previous  measurements  of  quanti 
tics  such  as  the  rcaltachmenl  point  and  the  outer,  unidirec¬ 
tional  flow.  Likewise  advances  in  DNS  have  made  feasible 
the  simulation  ol  flows  beyond  the  simple  channel,  and  the 
oaekward  facing  step  was  among  the  first  of  these. 


It  is  often  noted  that  this  flow  is  sensitive  to  small  changes 
in  geometry.  For  this  reason  it  is  imperative  that  the  bound¬ 
ary  geometry  and  the  inflow  and  outflow  conditions  be  du¬ 
plicated  carefully.  Also,  a  common  difficulty  in  the  predic¬ 
tion  of  this  flow  lies  in  the  details  of  the  recovery  region, 
and  those  should  be  a  particular  target  of  any  large-eddy 
simulation. 


8.5.1  Simulations 


The  backward  facing  step  was  among  the  first  geometries 
with  strong  changes  in  the  streamwise  direction  and  fully 
turbulent  flow  to  be  addressed  by  DNS.  The  work  by  Lc 
&  Moin  1 1151  established  the  capability  of  DNS  to  han¬ 
dle  such  flows  accurately.  Data  from  those  simulations  are 
included  in  this  database  (data  set  CMP30)  and  match  the 
conditions  from  the  experiments  of  Jovic  &  Driver  [99] 
)  1 00J .  A  comparison  of  measured  [99]  and  computed  1 1 15] 
skin  friction  is  shown  in  figure  5.  Details  of  the  simulations 
are  included  in  the  data  set. 
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Figure  5:  Comparison  between  the  wall  friction  in  a 

backwards-facing  step,  from: - ,  the  simulations  in 

1 1 15.  CMP30]  and.  o  ,  the  experiment  in  ( 99]  (reprinted 
from  1 99]). 


8.5.2  Experiments 


Because  or  the  attractive  characteristics  of  the  backward 
lacing  step  lortesting  prediction  methods  there  have  been 
many  experimental  studies  of  it  Advances  in  instrumenta¬ 
tion  have  produced  increasingly  useful  results  over  a  range 
of  Reynolds  mimb'-rs,  so  two  experiments  arc  included  in 
this  database. 


The  experiment  of  Jovic  and  Driver  |99]  |I00|  (oala  set 
CMP31)  was  specifically  designed  for  comparison  with  a 
DNS.  A  low  Reynolds  iiumhei  was  thus  selected  to  pi  ovidc 
data  for  direct  comparison  to  the  simulations,  but  this  also 
presents  some  difficulties  for  the  expe. imcntnlist  so  that 
the  data  should  he  utilized  carefully.  The  low  velocities 
increase  the  uncertainties  in  the  measurements  which  are 
thus  estimated  to  he  somewhat  elevated.  In  addition,  the 
inflow  boundary  layer  may  still  retain  some  history  of  the 
tripping  technique  Tims  additional  care  should  be  taken 
in  the  selection  of  inflow  and  boundary  conditions.  The 
wotk  was  never  published  except  in  a  report  and  thus  has 
not  been  subjected  to  outside  scrutiny  The  DNS  of  i.e  and 
Moin  |  I  15]  (discussed  above)  did  not  uncover  problems 
with  the  data,  however,  which  increases  confidence  that  the 
flow  can  be  used  for  evaluation  of  simulations  in  general. 
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The  second  experiment,  that  of  Driver  and  Secgmiller  [50] 
(data  set  CMP32),  was  intended  for  evaluation  of  RANS 
eodes  and  is  at  a  higher  Reynolds  number.  Redundant  mea¬ 
surements  and  careful  analysis  of  the  data  yielded  a  highly 
regarded  dataset  which  should  prove  useful  for  evaluation 
of  simulations,  especially  as  they  approach  the  more  useful 
(higher)  Reynolds  numbers. 


8.6  SUMMARY  OF  COMPLEX  FLOWS 


Square  duct 


CM  POO 

UDjv  =  0.5  x  10'1 

12 

Yokosawa  el  al.  [ 64] 

CMP01 

urD/v  =  000 

N 

Huser  &  Biringen  [80] 

Circular  cylinder 


CMP  10 

Rep  =  140,000 

E 

Cantwell  &  Coles  [31] 

pg.  189 

Square  cylinder 


CMP20 

Rep  =  22,000 

E 

Lyn  et  al  (134] 

pg  191 

Backwards  facing  step 

CMP30 

Re.,,  =  5,100 

N 

Lc  &  Moin  ]115] 

pg.  193 

CMP3 1 

Rch  =  5,000 

E 

Jovic  &  Driver  [99,  100) 

pg.  195 

CMP32 

Re,,  =-  37, 500 

E 

Driver  &  Secgmiller  1 50] 

pg.  197 

E:  experimental  cases.  N:  numerical  ones,  Consult  individual  data  sheets  for  more  details 
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Data  Sheets  for: 

Chapter  3.-  Homogeneous  Flows 


HOMOO:  Decaying  Grid  Turbulence 


Comte-Iiellot  &  Corrsiu 


1 .  Description  of  the  flow 

Decaying,  nearly  isotropic,  turbulent  flow  downstream  of  a  grid. 

2.  Geometry 

The  grids  were  periodic  arrays  of  square  rods,  in  a  biplanar  arrangement,  and  had  a  square  mesh  with  a  solidity  of 
0.34.  The  grid  was  inserted  across  a  rectangular  (1.37  nt  x  1.03  m)  section,  followed  hy  a  1.27;1  contraction  (to 
improve  the  isotropy  of  the  turbulence)  and  a  rectangular  ( 1 .22  m  x  0.915  m)  measurement  section. 

3.  Original  sketch 
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4.  Flow  characteristics 

The  mean  speed  across  the  wind  tunnel  was  uniform,  The  turbulence  was  very  nearly  isotropic,  with  the  ratio  of 
stroamwise,  u  i',  and  transverse,  v7 ,  run  s,  velocities  in  the  range  0  97  to  0.98.  The  decay  of  both  mean  square 
components  could  be  well  described  by  a  power  law. 

5,  Flow  parameters 

Grid  mesh  size  A f  —  50.11  mm  or  25.4  nun.  Mean  speed  [/„  —  10.0  m/s  near  the  grid,  increasing  to  12.7  m/s  nftei 
the  contraction.  Grid  Reynolds  number  R.\i  =  ~  34,000  or  17,000. 

(i.  Inflow  and  outflow  boundary  and  initial  conditions 

Free  stream  turbulence  level  (without  the  grid)  was  about  0.05%. 

7.  Measurements 

(a)  Measurement  procedures 

All  measurements  were  made  with  hot-wires  and  analog  instrumentation.  A  narrow-hand  Idler  was  used  for 
measuring  spectra.  An  analog  tape  recorder  was  used  for  measuring  autocorrelations. 

(h)  Measured  quantities 

Slreamwise  am!  transverse  r.m.s.  velocities  along  the  lest  section.  Autocorrelation  functions  of  the  veloc¬ 
ity;  two-point  transverse  correlations;  space-time  correlations.  Narrow-band  autocorrelation  functions  in  a 
convected  frame.  Spectrally  local  characteristic  limes.  Frequency  spectra,  from  which  one-dimensional  and 
three -dimensional  ( wave-mimhet ;  energy  spectra  are  estimated. 
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(c)  Measurement  errors 

Spcciral  measurements  were  corrected  for  noise.  Spectral  uncertainty  is  difficult  to  estimate  because  of  the 
analog  methods  used.  Estimated  uncertainty  is  a  few  percent  al  the  lower  and  intermediate  frequencies,  in¬ 
creasing  at  the  highest  frequencies.  The  Inner  range  should  he  Irealed  with  some  caution,  as  it  is  known  to  lead 
to  unrealistically  large  velocity  derivative  skewness  (GEORGE,  W.K.  1992.  Plix.s.  Fluids  A  4,  1492-  1509), 


50. 8mm  grid  at  three  stations  with 


8.  Available  variables 

One-dimensional,  wave-number  spectra  of  sirenmwisc  velocity  for  the  M 
tU0/M  =  42,  98  and  1 7 1 .  At  these  locations.  Rx  =  7 1 .6. 65.3  and  60.7 

9.  Storage  size  required  and  present  format  of  the  data 
One  small  file  in  ASCII  format. 

10.  Contact  person 

Professor  Gencvihvc  Comtc-Scllol 

Centre  Acoustiquc,  Stole  Centrnlc  de  Lyon.  B.P,  163,  69131  Eeully  Cedes.  France 

tel:  3304  72186010 

fax:  3304  72189143 

e-mail:  gch@ mccallu.cc- lyon.fr 

1 1 .  Main  references 

COMTE-BliU.OT,  Ci  &  C.'oit  it  sin,  S.  1966  The  use  of  a  contraction  to  improve  the  isotropy  of  grid-generated 
turbulence  J.  Fluid  Meek  25,657-682. 

Comte-BellOT,  G,  &  C'oitRSlN,  S.  1971  Simple  Eulerian  time  correlations  of  full  and  narrow-band  velocity 
signals  in  grid-generated  isotropic  turbulence.  J.  Fluid  Mtr'i.  48.  273-337. 
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HOMOl:  Decaying  Grid  Turbulence 

Ferchichi  &  Tavoularis 


1 .  Description  of  the  flow 

Decaying,  nearly  isotropic,  turbulent  (low  downstream  of  a  grid. 

2.  Geometry 

The  grid  consisted  of  1 1  horizontal  and  parallel  cylindrical  rods  and  had  a  solidity  of  0.34,  It  was  placed  in  a 
rectangular  (305  mm  x  457  mm)  test  section,  1 .52  m  downstream  of  a  16: 1  contraction. 

3.  Original  sketch 


4.  Flow  characteristics 

The  mean  speed  across  the  tunnel  was  uniform.  The  turbulence  was  nearly  isotropic,  with  the  ratio  of  the  slrcatnwisc, 
and  the  transverse,  v',  r.m.s.  velocities  about  95%.  The  decay  of  the  turbulence  intensity  was  described  by  a 
power  law  with  an  exponent  of  - 1 .2 1 . 

5.  Flow  parameters 

The  grid  mesh  size  was  M=25.4  mm.  The  mean  speed  along  the  centreline  was  (■’  =  10.5  m/s.  The  grid  Reynolds 
number  was  7?f:,vr  =  llMjv  —  17335, 

6.  Inflow  and  outflow  boundary  and  initial  conditions 

Turbulence  intensity  in  the  unobstructed  flow  was  less  than  0,05%. 

7.  Measurements 

(a)  Measurement  procedure 

Two  sets  of  hot-wire  measurements  were  performed,  the  first  with  a  cross-wire  probe  and  the  second  with  a 
parallel  wire  probe.  Spectra  were  measured  with  a  single  wire  probe. 

(b)  Measured  quantities 

Probability  density  functions  of  streamwisc  and  transverse  velocity  differences.  At/(  t\x),  Ai’(Ax)  and  Ati(A.y) 
at  a  position  with  x/M  —  47.2,  where  u'  =  0.320m/s.  L  =  38mm,  A.  =  4.1mm.  H.r\  =  u'X/v  =  84  and 
i]  —  0.23mm.  Energy  spectra  of  the  streamwisc  velocity. 
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(c)  Measurement  errors  Because  of  the  large  volume  of  data  used,  the  uncertainty  of  the  pdf  would  be  very  small, 
at  least  for  the  inertial  range  data. 

8.  Available  variables 

Pdf  of  velocity  differences  at  different  probe  spneings.  Energy  spectrum  of  the  strcnmwisc  velocity. 

9.  Storage  size  and  present  format  of  data 
Small  files  in  ASCII  formal. 

10.  Contact  person 
Professor  Slavros  Tavoularis 

Department  of  Mechanical  Engineering,  University  of  Ottawa 
Ottawa,  Ontario,  Canada  KIN  6N5 
tcl/fnx:  (613)  562  5800cxt.  6271 
e-mail:  lav@eng.uotlnwn.cn 

1 1 .  Main  reference 

Fbrchichi,  M.  &  Tavoularis,  S.  1997  Unpublished  measurements. 


HOM02:  Decaying  Isotropic  Turbulence 

Wray 

1 .  Description  of  the  (low 

Simulation  of  incompressible  decaying  isotropic  turbulence. 

2.  Geometry 

Triply  periodic  mesh 

3.  Sketch 


k .  eta 


4.  Flow  characteristics 

Time-decaying  homogeneous  analog  of  the  grid-turbulence  experiments  of  Conue-Bellot  &  Corrsin  (1971), 

5.  Flow  parameters 

58.32  <  Rr.x  <  104.5 

6.  Numerical  methods  and  resolution:  Numerical  scheme  as  in  (Rogailo,  1  y 8 1 ) .  5 12®  collocation  points.  Largest 
computational  wavenumber,  kmax  —  241. 

7.  Boundary  and  initial  conditions 

Periodic  boundary  conditions  in  all  three  spatial  directions.  The  initial  held  has  a  spectrum  peaked  at  k  —  G  (where 
the  lowest  mode  is  k  =  1),  and  random  phases,  at  l{c\  =  952. 

8.  Averaging  procedures  and  resulting  uncertainties 

Statistics  post-processed  using  the  same  spectral  basis  functions  used  to  advance  the  Navier-Slokcs  equations  in 
time. 

9.  Available  variables 

Filtered  velocity  field  in  physical  space  at  Rc\  —  101.5.  derived  from  the  full  512:i  field  by  sharp  truncation  in 
/.■-space  to  128'1. 

Time  history  ol  total  energy,  enstrophy.  integral  scale. I  velocity -derivative  skewness. 

3-tl  energy  and  transfer  spectra  and  1-d  energy  spectra  at  26  times  in  the  given  R<  \  range. 

Pdl  of  velocity  differences  at  llc\  —  70.45. 05. 1  1 . 60.41 


10.  Storage  size  required  and  present  format  of  the  data 

25  Mbytes  of  IEEE  binary,  single  precision  floating  point  data  for  the  restart  tile  A  few  Kbytes  ASCII  data  for  the 
statistics. 

1 1 .  Contact  person 
Dr.  A. A.  Wray 

NASA  Ames  Research  Centre,  Moffett  Field,  Ca.  94035,  USA. 

E-mail:  wray@nas.nasa.gov 

12.  Main  references 

COMTE-BELLOT,  G.  &  CORHSIN.  S.  1971  Simple  Eulerian  time  correlations  of  full  and  narrow-band  velocity 
signals  in  grid-generated  isotropic  turbulence.  J.  Fluid Mvch  48.  273-337. 

ROGAl  1.0,  R.S.  1981  Numerical  experiments  in  homogeneous  turbulence.  NASA  Tech.  Memo.  81315, 


HOM03:  Forced  Isotropic  Turbulence 

Jimenez,  Wray  ,  Suffman  &  Rogallo 
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1 .  Description  of  the  flow 

Direct  numerical  simulations  of  forced  isotropic  turbulence  in  a  periodic  cubic  box. 

2.  Geometry 
Triply  periodic  box. 

3.  Original  sketch:  Not  applicable. 

4.  Flow  characteristics 

Forced  at  low  wave-numbers  k  <  2.5.  Fully  resolved  A,,,,,*?/  ss  2. 

5.  Flow  parameters 


Rex 

A' 

L, 

LJ  A 

Li/v 

L/L, 

t/T 

-F;, 

37 

64 

1.8 

2.3 

27 

1.09 

54.2 

0.49 

62 

128 

2.2 

4.2 

65 

0.80 

9.3 

0.50 

95 

256 

2.0 

6.3 

120 

0.72 

8.2 

0.52 

142 

384 

2.4 

9.5 

222 

0.73 

5.9 

0.52 

168 

512 

2.4 

11.2 

286 

0.69 

5.1 

0.52 

t/T  is  the  total  run  lime  in  eddy  turnover  units,  F:,  is  the  skewness  coefficient  of  the  velocity  derivatives,  L  is  the 
integral  scale  and  L,  =  w':,/c  is  the  eddy  dissipation  scale.  The  si/e  of  the  computational  box  is  2ir. 

<i  Numerical  methods  and  resolution 

The  numerical  method  is  fully  spectral,  using  primitive  variables  u,  p,  wiili  dealiasing  achieved  by  spherical  wave- 
space  truncation  and  phase  shifting  (Rogallo  198 1 ).  The  resolution  ;V  given  in  the  table  above  reflects  the  number  of 
real  Fourier  modes  in  each  direction  before  dealiasing.  The  largest  computational  wavenumber  is  A, —  \/2N/'.\. 
The  time  stepping  is  a  second  order  Rungc  Kullu  for  the  nonlinear  terms  and  an  analytic  integrating  factor  for  the 
viscous  ones.  The  time  step  is  automatically  controlled  to  satisfy  the  numerical  stability  condition.  All  fields  are 
forced  lo  achieve  a  statistically  steady  state  by  introducing  a  negative  viscosity  coefficient  for  all  the  modes  with 

wave  numbers  A-  —  |k|  <  2.5.  The  Fourier  expansion  functions  are  oxpfiiA/a^).  kj  =0,1 . K  —  /V/2,  s<»  thru 

die  length  of  the  box  side  is  always  2rr.  The  magnitude  of  the  negative  viscosity  is  adjusted  every  few  time  sleps  so 
as  to  keep  constant  the  product  A'?;,  where  v/  is  the  Kolmogorov  scale,  and  the  instantaneous  energy  dissipation  rate, 
e,  is  computed  in  terms  ol  the  energy  spectrum. 

7.  Boundary  and  initial  conditions 

Periodic  boundary  conditions  in  all  three  spatial  directions.  Initial  conditions  are  not  relevant,  since  the  How  is  driven 
lo  statistically  steady  sate. 

8.  Averaging  procedures  and  resulting  uncertainties 

Statistics  post-processed  using  the  same  spectral  basis  functions  used  to  advance  the  Navier  -Stokes  equations  in 
time. 

Numerical  errors  arc  less  than  2%,  cheeked  by  grid  refinement  at  the  lower  Reynolds  numbers.  Statistical  conver¬ 
gence  errors  arc  about  ±5%  for  large  scale  quantities,  but  grow  to  half  an  order  of  magnitude  for  the  extreme  tails 
of  the  pdf  of  the  gradients. 

9.  Available  variables 

3-d  and  1  -d  energy  spectra. 

Pdf  ol  longitudinal  and  transverse  velocity-differences  at  the  five  Reynolds  numbers,  for  separations  in  the  inertial 
range.  Pdl  for  How  fields  filtered  with  several  Gaussian  filters,  at  Hc\  —  142. 

Pdf  of  velocity  gradients,  enstrophy,  total  strain  and  voilicity  stretching. 

One  restart  field  ..l  lir\  —  90.  spectrally  truncated  to  32  '  resolution 
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10.  Storage  size  required  and  present  format  of  the  data:  About  400  Kb  of  binary  data  for  the  reslart  file,  and 
400  Kbytes  as  ASCII  data  for  the  statistics. 

1 1 .  Contact  person 
Javier  Jimenez 

School  of  Aeronautics,  U.  Politecnica,  28040  Madrid.  Spain. 

E-mail:  jimcnczC<<'torroja. dint. upm.es 

12.  Main  references 

JlMFNIIZ,  J.,  WRAY,  A.  a.,  SAFFMAN,  P.G.  &  ROGAU.O.R.S.  1998  The  structure  of  intense  vorticity  in  isotropic 
turbulence,  J.  Fluid  Mech.  255,  65-90. 

JlMF.NFZ,  J.  &  WltAY,  A.  A.  1994  On  the  dynamics  of  small-scale  vorticity  in  isotropic  turbulence,  in  Annual  Res. 
liricfs ,  Centre  for  Turbulence  Research,  Stanford  CA,  pp.  287-512. 

Rogallo,  R.S.  1981  Numerical  experiments  in  homogeneous  turbulence.  NASA  Tech.  Mann.  81315. 


HOM04:  Grid  Turbulence  with  Plane  Strain 


Tbcker  &  Reynolds 


1 .  Description  of  the  flow 

Grid-generated,  nearly  isotropic  turbulence  is  subjected  to  uniform  strain  by  passing  through  a  distorting  duct. 

2.  Geometry 

The  facility  used  was  a  suction  wind-tunnel  with  a  rectangular  cross-section  of  varying  shape  but  constant  cross- 
sectional  area.  A  perforated  metal  plate  with  a  square  mesh  was  used  as  a  grid.  The  how  entered,  through  the  grid, 
into  a  parallel  section,  from  which  it  passed  successively  into  a  distorting  section  and,  finally,  into  another  parallel 
section,  where  the  strained  turbulence  relaxed  towards  isotropy. 

3.  Original  sketch 


4  Klmv  characteristics 

The  turbulence  entering  the  distorting  section  contained  considerable  anisotropy,  with  the  streamwise  mean  square 
velocity  having  42%  of  the  total  turbulent  kinetic  energy. 

5.  Flow  parameters 

The  grid  mesh  si/.e  was  M  —17.5mm  and  the  solidity  was  a  =0.36.  The  mean  speed  in  the  uniform  section  was 
U0  ~  0. 1  m/s. 

6.  inflow  and  outiiow  boundary  and  initial  conditions 

Without  the  grid,  I  lie  free  stream  turbulence  level  was  0.2%.  The  distorting  duct  was  positioned  at  a  distance  of  355/ 
from  tlie  grid. 

7.  Measurements 

(a)  Measurement  procedures 

The  streamwise  velocity  was  measured  witli  a  single  hot-wire,  normal  to  the  (low.  The  transverse  velocities 
were  measured  with  a  single  hot  wire,  slanted  at  45“  with  respect  to  the  llow  direction. 

(h)  Measured  quantities 

Mean  squared  velocities  in  the  streamwise,  transverse  and  lateral  directions. 

(c)  Measurement  errors  Possible  uncertainty  (95%  confidence  level)  of  2%  for  tile  mean  velocity,  4%  for  the 
streamwise  Reynolds  stress  anil  g%  for  the  transverse  and  lateral  Reynolds  stresses. 
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8.  Available  variables  Mean  squared  velocities  in  the  sircamwisc.  transverse  and  lateral  directions. 

9.  Storage  size  required  and  present  format  of  tbc  data 
Small  ASCII  file.  Notice  that  x  >  is  the  sircamwisc  direction. 

10.  Contact  person 
Not  available. 

11.  Main  icfar<>ncc 

Tucker,  H.J.  &  Reynolds,  A.J.  1968  The  distortion  of  turbulence  by  irrotational  plane  strain  J.  Fluid  Mali. 
32,  657-673. 
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HOM05:  Grid  Turbulence  with  Transverse  Strain 


Lcuchicr  &  Benoit 


1 .  Flow  description 

Transverse  strain  til  constant  rate  D  is  created  in  planes  perpendicular  to  the  llow  direction.  The  llow  is  defined  (in 
the  laboratory  axes)  by  the  following  non-zero  elements  of  the  strain  rate  matrix: 


tHh  _  Olh 

0x:i  Oxj 


(I) 


With  this  definition,  the  principal  axes  are  inclined  by  45  deg.  with  respect  to  the  laboratory  Irainc  in  which  the 
measurements  are  performed.  Note  that  in  the  principal  axes  the  llow  would  he  defined  hy: 


OUj  _  _  Of/a 
0x.‘>  Ox.  ( 


(2) 


with  the  other  gradients  zero.  Satisfactory  homogeneity  conditions  are  achieved  in  this  llow. 


2.  Geometry 

The  llow  enters  through  a  cylindrical  duct  of  0.3  m  diameter  into  the  distorting  duet.  The  grid  turbulence  generator 
(of  1.5  cm  mesh  size)  is  located  in  the  cylindrical  duet  0.25  lit  upstream  of  the  distorting  duet.  The  distorting  duel 
lias  elliptical  cross  sections  of  constant  area  with  continuously  increasing  eccentricity  and  fixed  orientation  (of  45 
deg,  will)  respect  to  the  laboratory  axes).  The  maximum  value  of  the  aspect  ratio  <t//>of  tile  elliptical  sections  is  K.O 
in  (lie  exit  plane  of  the  duct,  corresponding  to  a  non-dimensional  lime  Dt  of  1.04  'flic  length  ol  the  distorting  duct 
is  /,  =  0.00  in. 


5,  Original  sketch 


Convergent  Rotating  duct  Dlatortlng  duct 


4.  Flow  characteristics 

The  llow  is  initially  homogeneous  anil  slightly  anisotropic  (sec  below).  The  axial  velocity  remains  constant  duimg 
the  straining  process  and  transverse  homogeneity  is  conserved  in  the  central  part  ol  the  llow  remote  Iront  the  walls. 
The  turbulence  becomes  progressively  anisotropic  undo  the  el lect  of  the  strain.  The  auisnirupizalioii  is  represented 
here  by  the  growth  of  the  transverse  correlation  coefficient  TiW/ii’w' .  close  to  that  observed  in  the  transverse  shear 
llow  (lest  case  IIOM20). 


5.  Flow  parameters 


v  Axia1  velocity:  ff  —  10m/.s, 

*  Strain  rate:  D  =  15.8  ,i_1. 

6.  Inflow  conditions 

"Nomiiial”  initial  conditions  (at  s'  =  0  and  for  U  —  10  m/s)  arc: 

*  kinetic  energy:  q2 /7  —  0.283  m2 /s'2, 

*  anisotropy:  [ir  —  5(7:'  +v2))/i /2  =  0.155. 

*  dissipation  rate:  c  =  17.5 

*  longitudinal  imcgial  lengtbscalc:  L„  =  G.4  x  10-3  in. 

*  transverse  integral  lengihscalc:  < —  2.4  x  10“3  m. 

*  Taylor  micmscale:  A  ~  y'bvrj2] 1  —  1.55  x  10"3  in. 

*  ffolinogorov  lengthscalc:  ;/  —  \u% / e)1^’1  —  0.12  x  JO-3  m. 

*  microscale  Reynolds  number  I(c.\  =  \/'r  I'iX/n  —  15.2. 

The  initial  section  x  =  0  is  local  .d  0.2.5  m  downstream  of  the  turnulcncc  grid 

7.  Measured  data 

(a)  Measurement  proeed”re 

H^i-wirc  methods  using  DISA  (DAN  TBQ  anemometers  55M0I  and  crosscd-wirc  probes  of  type  P6I .  Digital 
dala  processing  of  100  x  2048  simul'me-.nis  samples  for  both  velocity  components.  Four  angular  positions  of 
the  probe  arc  considered  to  resolve  (he  four  non-zero  Rcvnolds-strcss  components. 

The  measurements  ..re  made  in  i  3  equidistant  positions  on  the  axis  of  the  duet  between  the  initial  section  a:  =  0 
and  the  exu  section  x  ~  L  —  0.GC  m. 


('  Measured  quantities 

-  axial  mean  velocity  component  £  , 

•  ti aitsvcrsc  mean  velocity  components  1’  and  11’  (negligible  compared  to  (•’), 

-  Reyiv  s  stresses  n2,  i'2,  ir2,  vlr 

-  rpi  etra  of  the  three  velocity  components. 

-  tcngthsealcs  Lu(-  Ln.i  )•  .L,.(=  Loi.i)  and  L„  (-  /*nn.  1 ),  deduced  from  the  corresponding  spectra, 

(c)  Measurement  errors 

Fistimuted  to  be  of  the  order  of  one  percent  foi  the  mean  velocities  and  ''bom  a  few  percent  for  me  turbulence 
quantities. 

H.  Available  measurements 

The  results  are  displayed  in  a  tank  with  1 1  columns  con esponding  to  the  following  quantities: 

•  longituJi  ,..l  position  x  (in), 

-  noiwl!nicnsional  time  l)(. 

-  ar.iul  mean  veioedy  component  U  (m/.s), 

-  Reynolds  stresses  uy .  r2.  1.  t7n;  (iii2/s2). 

-  dissipation  rate  r  (in2/’.’*),  evaluated  from  r  —  -Uvtr  -  l(-:(i/rp/r/.r] 

-  lengthscaks  L„(  /, u.i).  L,'~  L-n.  1)  and  T-.ri.i )  fin). 

9.  Size  and  present  format  of  data 

Small  ASCII  file. 

It).  Contact  person 
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1  1 .  Main  references 

LEUCHTER ,  O.  &  BENOIT,  J.P.  1991  Study  of  coupled  effects  of  plane  strain  ami  rotation  on  homogeneous  turbu¬ 
lence  Eighth  Symposium  on  Turbulent  Shear  Flows ,  Munich. 

LEUCHTER,  O.  1 9°3  Turbulence  homogene  r.ourr  e  a  ties  eflets  couples  de  rotation  et  dc  delormation  plane  ou 
axisymclritp'c  Internal  ONERA  Report  1S/1 ' 45AY . 
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HOM06:  Grid  Turbulence  with  Successive  Plane  Strains 


Genet-  &  Mathieu 


1 ,  Description  of  the  Mow 

Grid  turbulence  was  first  subjected  to  plane  strain  until  its  principal  Reynolds  stresses  were  aliened  with  the  principal 
strain  rale  and  then  it  was  subjected  to  another  plane  strain  hut  with  a  different  orientation  of  principal  axes. 

2,  Geometry 

Uniform  Mow  passed  through  a  grid  with  a  square  mcsli  si/e.  M  —  35  mm.  in  an  elliptical  duct  with  axes  lengths 
0.3m  and  0.075m  and  a  length  x\/ht  =  40.  Then,  it  entered  a  first  distorting  duct  section,  with  a  length  of  0.4 
m  and  an  elliptical  cross-section  whose  axis  ratio  diminished  monotonicnlly  until  it  reached  unity  (circular  shape). 
Finally,  the  flow  entered  a  second  distorting  section,  also  with  an  elliptical  cross-section  and  a  length  of  O.-lm,  which, 
starting  from  a  circular  shape,  ended-up  to  a  shape  identical  to  that  m  the  entrance  of  the  previous  section.  The  final 
section  could  he  rotated  ahoul  the  streamwise  axis;  results  arc  reported  for  angles  o  =  0  (corresponding  to  final 
section  axes  normal  to  those  in  the  previous  section,  tints  resulting  in  pure  plane  strain  throughout  both  distorting 
sections),  7r/8, 7r/4,  3jt/8  and  ti/2. 

3,  Original  sketch 


4.  Flow  characteristics 

The  mean  velocity  and  the  magnitude  of  the  mean  strain  rate  were  approximately  maintained  constant  throughout 
the  test  section.  The  turbulence  kinetic  energy  decayed  in  the  first  distorting  section  but.  depending  on  the  value  of 
the  angle  a,  it  decayed  (o  —  3“/8  and  rr)  or  grew  (o  =  0,  a/8antl  »/4)  in  the  second  section.  At  the  exit  of  the  first 
distorting  section,  the  principal  axes  of  the  Reynolds  stress  tensor  became  aligned  with  those  of  the  local  mean  strain 
rale  tensor  and  then  evolved,  depending  on  the  orientation  of  the  final  section,  without,  however,  reaching  perfect 
alignment  with  the  local  mean  strain  axes  a;  the  duel’s  exit. 

5.  Flow  parameters 

The  mean  velocity  was  18  6  ms  " 1 .  The  mea1’  strain  rate  was  32.2  .s  1 . 

6.  Inflow  and  outflow  boundary  and  initial  conditions 

The  trace  of  the  Reynolds  stiess  tensor  til  the  entrance  of  the  distorting  duct  was  <■/..*  .  l).43m2.s  \ 


7,  Measurements 


(a)  Measurement  procedures 

The  mean  velocity  and  the  Reynolds  stresses  were  measured  with  hot-wire  anemometers.  Shear  stresses  on 
transverse  planes  were  measured  by  rotating  single  wires  at  different  orientations  with  respect  to  the  flow 
direction. 

(h)  Measured  quantities 

Apparently  all  Reynolds  stresses  were  measured,  hut  reported  are  only  the  evolutions  of  the  turbulent  kinetic 
energy,  the  mam  anisotropies  and  the  principal  stress  angles. 

(v)  Measurement  errors 

Typical  uncertainty  (95%  confidence  level)  is  estimated  to  he  ±  2%  for  the  mean  velocity,  ±  4%  for  the 
streamwisc  normal  stress  and  ±  8%  for  the  other  stresses. 

8.  Available  variables 

All  tabulated  data  have  been  presented  vs.  the  dimensionless  streamwise  distance  X\ /L  (L  =  0.8 m  is  the  length  of 
the  entire  distorting  section),  for  different  values  of  the  angle  a.  Available  variables  are  q*  /q,,'1,  the  anisotropies 
and  b-n,  the  invariant  6,r6j,.,  and  the  angle,  rj> ,  between  the  principal  axes  of  the  Reynolds  stress  tensor  and  the  strain 
rate  tensor. 

9.  Storage  size  required  and  present  format  of  the  data 
Small  files  in  ASCII  format. 

10.  Contact  person 

Professor  J.N.  Gence 

F.cole  Cemrale  de  Lyon 

B.P.  163,69181  Family  Ccdcx,  France 


1 1 .  Main  reference 

GeNCU,  J.N.  &  MATHIKU,  J.  1979  On  the  application  of  successive  plane  strains  to  grid-generated  turbulence  J. 
Fluid  Mech.  93,  501-513. 
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HOM07:  Return  to  Isotropy  of  Strained  Grid  Turbulence 

Le  Penven,  Gencc  &  Comte-Bdlot 


1 .  Description  of  the  flow 

Grid  turbulence  was  first  subjected  to  three-dimensional  strain  and  then  let  to  relax  towards  isotropy. 

2.  Geometry 

Nearly  isotropic  turbulence  was  produced  by  a  biplane  grid  with  a  square  mesh  size  M  =  50.8mm  and  a  solidity 
0.33,  followed  by  a  1 .27:1  contraction.  This  flow  entered  one  of  two  interchangeable  distorting  duels,  each  with 
a  length  of  1 .5m  and  a  rectangular-shaped  cross-  section  but  both  height  and  width  changing  continuously,  so  that 
a  three-dimensional  strain  was  imposed  on  the  turbulence.  Finally,  the  strained  turbulence  was  lot  to  relax  back 
towards  isotropy  in  a  5.13m  long  section  wiih  a  uniform  rectangular  cross-section. 

3.  Original  sketches 


4.  Flow  characteristics 

The  objective  ol  the  experiment  was  to  determine  tin  rale  of  return  towards  isotropy  of  anisotropic  turbulence, 
and  particularly  its  dependence  on  the  initial  partition  of  the  turbulence  kinetic  energy  into  its  three  components. 
The  second  and  third  invariants  of  the  Reynolds  stress  anisotropy  tensor.  b,j  —  ir/iiJ/iiV u*  •  1/3 A,,,  are  defined, 
respectively,  as  / 1  ~  !>,,!>, ,  and  III  —  b,)!}>liJbJl.  The  two  distorting  ducts  were  designed  to  give  approximately 
equal  values  of  II  but  opposite  values  of  III  at  their  exits,  Because  of  the  strenmwise  acceleration,  both  cases 
exhibited  a  streamwise  Reynolds  stress  that  was  smaller  than  the  two  transverse  ones.  When  III  >  (I,  one  of  the 
transverse  stresses  was  substantially  larger  than  the  other  one.  while,  when  III  <  0,  the  two  transverse  stresses  bad 
comparable  magnitudes.  I  lie  rale  ol  return  of  the  turbulence  Mine  Hue  lowaids  isotiopv  was  found  to  lie  target  when 
111  <  0  than  in  the  other  case. 

5.  Flow  parameters 

The  mean  velocity  at  the  entrance  to  the  distorting  duet  was  ~  (Mirim*'  1  lor  111  >  ()  and  1.2ms  1  |'oi 
III  <  0.  In  both  duets  the  mean  flow  accelerated  downstream. 


6.  Inflow  and  outflow  boundary  and  initial  conditions 

The  values  of  the  Reynolds  stresses  and  the  turbulence  kinetic  energy  at  the  entrance  to  the  final  straight  duel  have 
been  provided  in  the  data  files. 

7.  Measurements 

(a)  Measurement  procedures 

The  mean  velocity  and  the  Reynolds  stresses  were  measured  with  standard  cross-wire,  hot-wire  anemometers. 

(b)  Measured  quantities 

The  three  normal  Reynolds  stresses  were  measured,  from  which  the  turbulence  kinetic  energy  and  the  second 
invariant  were  calculated. 

(c)  Measurement  errors 

Typical  uncertainty  (95%  confidence  level)  is  estimated  to  be  ±  2%  for  the  mean  velocity,  ±  4 for  the 
streamwise  normal  stress  and  ±  8%  for  the  other  stresses 

if.  Available  variables 

The  mean  velocity  in  the  distorting  ducts  has  been  presented  vs.  streamwise  distance  from  the  entrance.  The  three 
normal  stresses  in  the  final  straight  duct,  the  turbulence  kinetic  energy  and  the  invariant  1 1  have  been  presented  vs 
the  elapsed  lime  t  =  J  1  /(!/ j  )dx< ,  measured  from  some  effective  origin. 

9.  Storage  size  required  and  present  format  of  the  data 
Small  files  in  ASCII  format. 

10.  Contact  person 

Professor  J.N.  Gcnce 

Ecole  Contralc  do  I.yon,  B.P.  163,  691.3  1  Eeully  Cedex,  France 

1 1 .  Main  reference 

Le  I’ENVEN,  L. ,  GliNCE,  J.N.  &  COMTE-  BELLOT,  G.  1985  On  the  approach  to  isotropy  of  homogeneous  turbu 
lencc:  effect  of  the  partition  of  kinetic  energy  among  the  velocity  components  in  Frontiers  in  Fluid  Mechanics,  S.H. 
Davis  &  J.L.  Luntley  (editors),  Springer- Vcrlag. 
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HOMIO:  Rotating  Decaying  Turbulence 

Jacquin,  Lcuchtcr,  Cambon  &  Mathieu 


1 .  Flow  description 

Freely  decaying  homogeneous  turbulence  in  solid-body  rotation. 

2.  Geometry 

Solid-body  rotation  is  created  by  means  of 'a  rotating  duct  of  0.3  in  in  diameter  equipped  with  a  fine-mesh  honeycomb 
and  a  grid  turbulence  generator.  The  nominal  mesh  size  of  the  turbulence  generator  is  1.5  cm,  but  different  mesh 
sizes  (1  cm  and  2  cm)  have  also  been  used.  The  flow  is  explored  in  a  (fixed)  cylindrical  pipe  of  0.3  m  diameter  and 
of  0.88  ni  length.  The  initial  section  is  located  0.25  m  downstream  of  the  turbulence  grid. 

3.  Original  sketch 

Convergent  Rotating  section  Cylindrical  test  section 


J 


4.  Flow  characteristics 

Homogeneous  turbulence  is  subjected  to  solid-body  rotation.  The  rotation  slightly  reduces  the  turbulent  energy  de¬ 
cay,  compared  to  the  non-rotating  reference  ease  (also  included  in  the  data).  Rotation  mainly  affects  the  components 
normal  to  the  rotation  axis  ami  produces  a  distinct  anisoiropi/ation  of  the  integral  lengihseales. 

5.  Flow  parameters 

*  Axial  velocity:  10  in/s, 

*  Rotation  rate:  Si  —  0  and  02.8  rd/s, 

*  Rossby  number  l{n  —  2r/(ib/"):  ranging  front  1.3  (upstream)  to  0. 1  3  (downstream). 

*  Mesh  size  of  the  turbulence  generator: 
ease  A:  M  -  1.0  cm 

ease  B:  Af  -■  1 .5  an 
case  C:  M  --  2.0  cm 

6  Inflow  conditions 

‘Nominal’  initial  conditions  (at  .r  =  0  and  for  (■'  i-  10  m/s.  Si  ■=  0)  are  given  in  table  I  lor  flow  cases  A.  B  and 
C.  The  initial  section  r  =  0  is  located  0  25  m  downstream  of  the  turbulence  grid  The  following  parameters  arc 
considered  in  table  I : 

*  kinetic  energy:  ({'■/'>.. 

*  anisotropy:  A/ql  —  (u-  - 

*  dissipation  rate:  r, 

*  longitudinal  integral  lenglhscalc: 

”  transverse  integral  lenglhscalc 
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*  Taylor  microscale:  A  =  y'Si'^/c, 

*  Kolmogorov  leiiglhscalc:  ij  —  (^'3/f),',,, 

*  microscale  Reynolds  number:  Re >,  =  \/ q2  / 3  A/i'. 


Table  1:  Inflow  conditions 


flow  ease 

A 

B 

C 

M  (m) 

0.01 

0.015 

0.02 

<72/ 2  (in'2 /s'2) 

0.149 

0.204 

0.466 

A/q2 

0.04 

0.17 

0.17 

c  (m2/s2) 

11.6 

16,1 

31.7 

Lu  (in) 

5.0  x  10~3 

6.4  x  10^3 

0.1  x  10~3 

Lv  (in) 

2.3  x  10-3 

2.4  x  lO”3 

2.4  x  nr3 

A  (m) 

1.4  x  10~3 

1.6  x  lO-3 

1.5  x  lO"3 

i]  (m) 

0.13  x  10  3 

0.12  x  10“3 

0.10  x  10“3 

29.1 

43.3 

55.2 

7.  Measured  data 

(a)  Measurement  procedure 

Hot-wire  methods  using  DISA  (DANTEC)  anemometers  55MOI  and  ernssed-wirc  probes  of  type  P6I .  Digital 
data  processing  of  1U0  x  2018  simultaneous  samples  for  both  velocity  components.  Four-wire  probes  were 
also  used. 

The  measurements  are  made  in  10  positions  on  the  axis  of  the  duct  between  the  initial  section  x  =  0  and  the 
exit  section  a:  =  L  —  0.88  in. 

(b)  Measured  quantities 

-  axial  mean  veloeity  component  (/, 

-  transverse  mean  velocity  component  V  (negligible  compared  to  U), 

-  Reynolds  stresses  u'2  and  v'2, 

-  spectra  of  the  three  velocity  components, 

-  lcngthsealcs  /,„(  =  Dii.i)  and  /,„(  =  Aaa.t),  deduced  from  the  corresponding  spectra. 

(c)  Measurement  errors: 

Estimated  to  be  of  the  order  of  one  percent  for  the  mean  velocities  and  about  a  few  percent  for  the  turbulence 
quantities. 

8.  Available  measurements 

The  results  are  disposed  in  six  tables  with  8  columns  corresponding  to  the  following  quantities; 

-  longitudinal  position  x  (in), 

-  axial  mean  velocity  component  U  (in/s). 

-  Reynolds  stresses  u~,  r>~,  (in2 /s'*), 

■  trace  of  the  Reynolds  stress  tensor  q2  (m'i/si),  evaluated  from  q2  —  u'2  +  ‘In2, 

-  dissipation  rate  <  (m2 /.s'1),  evaluated  from  <  -  -^U\dq2 /dx\. 

-  lcngthsealcs  L„(~-  LMj)  and  Lv(-~  l,-n j)  (m). 

The  tables  1  to  6  correspond  to  the  following  cases: 

-  Tabic  1:  Flow  case  A.  Si  —  0 

-  Table  2:  Flow  ease  A,  S!  —  02. 8  rd/s 

-  Table  3:  Mow  ease  B.  SI  -  0 

-  Table  4:  Flow  ease  B.  SI  —  02.8  rd/s 

-  Table  5:  Flow  ease  C,  SI  —  0 

-  Table  6:  Flow  case  C.  SI  —  02.8  rd/s 
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9.  Size  and  present  format  of  data 
Small  ASCII  (iles. 

10.  Contact  person 

O.  Leuehlcr 
ONERA 

8  rue  dcs  Vertugadins 
F  92 1 90  Meudon,  France 
e-mail:  IcuchicrGt’oncra.fr 

1 1 .  Main  references 

LEUCIITER,  O.,  Jacquin,  L.  &  Gem-'ROV.  P.  1989  F.tude  expdrinicntale  de  la  turbulence  homogdne  cn  rotation. 
Confrontation  avee  un  module  EDQNM.  In ternnl  ONERA  Report  1 I/I 145AY. 

JACQUIN,  L.,  LEUCHTEH.  O.,  Cambon,  C.  &  MaTIIIF.U,  J.  1990  Homogeneous  turbulence  in  the  presence  of 
rotation.  J.  Fluid  Mcch.  220,  1-52. 


HOM12:  Rotating  Turbulence  with  Axisymmetric  Strain 

Leuchter  &  Dupeuple 
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1 .  Flow  description 

Homogeneous  turbulent  (low  in  solid-body  rotation  is  subjected  to  axisymmetric  contraction  with  a  constant  strain 
rate.  The  flow  distortion  is  defined  by  the  following  strain  rate  matrix: 


0 

-D/2 

n 


(1) 


where  D  is  the  strain  rate  and  fi  the  rotation  rate  which  varies  with  time  according  to 


JUew  =  H 

n0  u0 

fl0  is  the  initial  rotation  rate  before  the  strain  is  applied  (at  time  t-0),  and  Uu  the  corresponding  axial  velocity. 


(2) 


2.  Geometry 

Solid-body  rotation  is  created  by  means  of  a  rotating  duct  of  0.3  m  diameter  equipped  with  a  fine-mesh  honeycomb 
and  a  grid  turbulence  generator  of  1.5  cm  mesh  size,  The  geometry  of  the  contracting  duct  is  defined  by: 


R(x) 

Ro 


(3) 


ensuring  constant  T  fi(x)  is  flic  radius  of  the  duct  at  position  x  ano  Do  its  initial  value  (Do  —  0.15  m)\  x  is  the 
axial  distance  from  the  initial  section  where  the  straining  process  begins. 

Two  contracting  ducts  of  different  length  f„  but  with  the  same  total  contraction  C  -  [Do/DfD)]"  have  f  sen  used  in 
the  experiments: 


•  duct  I  of  length  L.=  i  m, 

•  duct  2  of  length  L=0.5  m. 

3.  Original  sketch 


Convergent  Rotating  duct  Distorting  duct 


4.  Flow  characteristics 


Tlic  flow  is  initially  in  solid-body  rotation  and  the  turbulence  is  homogeneous.  Transverse  homogeneity  is  conserved 
near  the  axis  during  the  straining  process.  The  initial  axial  velocity  is  (-'o  =  8  in/s.  The  corresponding  maximum 
initial  rotation  rate  is  fio  =  48  rd/s  and  the  corresponding  strain  rale  is  D  —  24  ,s_l  for  duet  I  and  D  =  48  s  ' 
for  duct  2.  The  ease  of  pure  axisymmeiric  strain  (Jin  -  0)  is  considered  as  titc  reference  ease  and  is  also  included  in 
the.  data..  During  the  distortion,  rotation  noticcahly  reduces  tlic  anisotropy  of  the  Reynolds-slresscs  produced  hy  the 
strain,  and  simultaneously  increases  the  level  of  the  rapid  pressure-strain  correlations.  This  specific  rotation  effect  is 
not  reproduced  hy  the  classical  Reynolds  stress  models. 

5.  Flow  parameters 

The  flow  configurations  arc  the  following: 


Table  I :  Flow  parameters 

ill  \/ 1)  —  ain 

tin 
2 
0 

I 


6.  Inflow  comlitions 

“Nominal”  initial  conditions  (at  r  —  0  and  for  i  »  =  8  in /s  .  wo  —  0  )  arc: 

*  kinetic  energy:  -  0.1B  iii'2/s!, 

*  anisotropy:  (it2  -  v2)/i/2  ~  0.12, 

*  dissipation  rate:  r  ;  R.2  s3, 

*  longitudinal  integral  lenglhscale:  -•  5.8  x  ]()“3  in. 

*  transverse  Integral  lenglhscale:  Lv  =  2.5  x  10  :i  in. 

*  Taylor  microscale:  A  -  \/T>nr/2 /<  —  1.7  x  10~:l  in. 

*  Kolmogorov  lenglhscale:  7/  -  (m’/r)1^1  —  0.14  x  l()':l  in, 

*  microscale  Reynolds  number:  Hr,.  -  \fq2J'.\\/i'  ~  57. 


configuration  duct 

j  i 

2  I 

3  2 

4  2 


JJ(\  (in /s) 
~  8 
8 
8 
8 


_D  (.s-31 ) 
24 
24 
48 
48 


The  initial  section  x  —  0  is  In,  .tied  0.25  m  downstream  of  the  turbulence  grid. 

7.  Measured  data 

(a)  Measurement  procedure 

Hot-wire  methods  using  DISA  (DANTHCT  anemometers  55M01  and  crossed  wi.e  probe  of  type  i’6 1 .  Digital 
data  processing  of  101)  x  2048  simultaneous  samples  for  both  velocity  components. 

The  flow  is  explored  on  the  axis  ol  the  duel  between  the  longitudinal  positions  x/I.  0  and  .?•//,  =  1  for  duel 
I  (// —  i  in)  and  between  x/l,  --  —0.25  amt  x/I.  —  1.25  for  duet  2  (/.  —  0.5  in  )  The  axial  distance  between 
successive  measurement  points  is  A.r  =s  /./Hi,  yielding  a  total  number  of  17  mear  'i'vinent  points  for  ■! u v t  ) 
and  25  measurement  points  for  duct  2. 

(b)  Measured  quantities 

-  axial  mcaii  vcloci'y  component  V , 

-  transverse  metin  velocity  component  (neeligihlc  compared  to  ('). 

-  variance  of  the  fluetuatiag  axial  velocity  component  n  '. 

-  variance  oftlie  fluctuating  tiansvervc  velocity  component  i”. 

-  spectra  of  both  velocity  components. 

■  lenglhsinlcs  /,„(  /.nil  and  \ )  deduced  from  the  coticspoiuhiig  spcclta. 

(c)  Measurement  errors 

Hslimalttl  to  he  ol  the  otdet  of  one  peieer.t  for  tin'  mean  velocities  and  about  a  lew  percent  lor  the  turbulence 
(gkintilicK 


HSU 
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8.  Available  measurements 

The  results  are  disposed  in  four  data  sets  corresponding  to  the  nominal  conditions  indicated  in  Table  I.  All  the 
quantities  are  given  in  physical  dimensions.  Each  data  set  has  8  columns  corresponding  to  the  following  quantities: 

-  longitudinal  position  x  (rn), 

-  local  strain  rate  D  (s''1),  evaluated  from  D  =  dU/dx, 

-  local  rotation  rate  ft  (s-1),  evaluated  from  ft  =  ft oU/Uo- 

-  axial  mean  velocity  component  U  (m/s), 

-  variance  of  the  fluctuating  axial  velocity  component  u2  (m2/s2), 

-  variance  of  the  fluctuating  transverse  velocity  component  v2  (m2/s2), 

-  trace  of  the  Reynolds  stress  tensor  q1  (m2/s2),  evaluated  from  q2  =  u-  +  2v'J, 

-  dissipation  rale  e  (m2/s3),  evaluated  from  e  =  -D(u2  —  v2)  —  \U[dq2  jdx]. 


9.  Size  and  present  format  of  data 

Small  ASCII  files. 

10.  Contact  person 

O.  Leuchtcr 
ONERA 

8  rue  dcs  Vertugadins 
F  92190  Meudon,  France 
e-mail:  leuchterts>onera.fr 

1 1 .  Main  references 

LEUCHTER,  O.  &  Dupeuble,  A.  1993  Rotating  homogeneous  turbulence  subjected  to  axisymmetric  contraction 
Ninth  Symposium  on  Turbulent  Shear  Flows,  Kyoto. 

LEUCHTER,  O.  1993  Turbulence  homogene  soumise  a  des  effets  couples  de  rotation  et  de  deformation  plane  ou 
axisymdtriquc  Internal  ONERA  Report  15/1145AY. 

LEUCHTER,  O.  &  BERTOGLtO,  J.P.  1995  Non-lincar  spectral  approach  to  rotating  turbulence  in  the  presence  of 
strain  Tenth  Symposium  on  Turbulent  Shear  Flows.  The  Pennsylvania  State  University. 


HOM14:  Rotating  Turbulence  with  Plane  Strain 


Lcuchter,  Benoit  &  Catnhnn 


I ,  Flow  description 

Homogeneous  turbulent  (low  in  solid-body  rotation  with  a  rotation  rale  fl  is  subjected  to  plane  strain  with  a  strain 
rate  D  <  fl  (elliptical  How  regime).  The  mean  How  distortion  is  defined  by  the  following  strain  rate  matrix: 


(I) 


where  D  and  (1  ate  constant.  The  distortion  is  restricted  to  planes  normal  to  the  axial  direction  Ktp(l)  is  written  in 
the  laboratory  coordinate  system,  in  which  the  experimental  results  will  be  given.  The  laboratory  frame  is  rotated 
by  a /•!  with  respect  to  the  pnncipal  directions  of  the  plane  strain,  for  which  cip(  I )  reads: 


(2) 


Hue  to  the  condition  11  >  1>  the  basic  (loss  becomes  periodic  and  the  turbulence  parameters  exhibit  undulating 
le.itmes 


-  t.eonwlrs 

Solid  bojs  rotation  is  i  rented  bs  means  ol  a  totaling  duel  of  0.3  m  diameter  equipped  svitli  a  fine-mesh  honeycomb 
mill  a  gini  tin  tin  Is'  iul'  generator  ol  I  S  cm  mesh  si/e  The  distillling  duet  lias  elliptical  cross  sections  of  constant 
area  and  |H’rmiln  alls  saiying  eeeenlrieiiv  and  oiieiitalioii  of  the  main  axes.  For  an  axial  velocity  of  10  in/s  and  for 
l !  .  ‘J 7  >  _  i’Uir.  a  whole  pci  md  ol  flosv  is  eompleleil  svitli  a  lenglli  of  1.16  m 


.<  Original  sketch 


4.  Flow  characteristics 

The  How  is  initially  in  solid-body  rotation  and  the  turbulence  is  homogeneous.  According  to  ccpt  I ).  the  axial  veloc¬ 
ity  remains  constant  during  the  distortion  and  liansverse  homogeneity  is  conserved  in  the  central  part  of  the  duct. 
The  initial  axial  velocity  is  ('  ■—  1(1  in/.i.  The  specific  features  are  the  undulating  variations  of  the  anisotropy  pa¬ 
rameters,  continued  by  spectral  modelling.  Classical  Reynolds  stress  models  do  not  predict  correctly  this  behaviour. 
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5.  Flow  parameters 

*  Axial  velocity:  lOm/s, 

*  Strain  rale:  D  =  31.4  s'1, 

*  Rotation  rale:  (2  =  G2.4  s-1. 

6.  Inflow  conditions 

"Nominal"  initial  conditions  fat  x  —  0  and  for  U  =  10  m/s)  are: 

*  kinetic  energy:  q2/2  =  0.2G9m2/s3, 

*  anisotropy:  (ti2  -  |(o2  +  w2))/q2  =  0.125, 

*  dissipation  rate:  e  =  10. 2  m2 /s2, 

*  longitudinal  integral  lenglhscalc:  Lu  =  0.8  x  1()~3  rn, 

*  transverse  integral  lengthscule:  Lv  =  3.2  x  10  3  m, 

*  I'aylor  microscale:  \  —  y/uvq^/e  =  l.G  x  10-3  w, 

*  Kolmogorov  lengthscale:  r;  =  (t/3/r)1/4  =  0.12  x  10“3  m, 

*  microscale  Reynolds  number:  Ri: a  —  ^/r/2/3 \/v  =  45. 

The  initial  section  x  =  0  is  located  0.25  in  downstream  of  the  turbulence  grid. 

7.  Measured  data 

(a)  Measurement  procedure 

Hot-wire  methods  using  DISA  (DANTEC)  anemometers  55M0I  and  crosscd-wire  probes  of  type  P61,  Digital 
data  processing  of  100  x  2048  simultaneous  samples  for  both  velocity  components.  Four  angular  positions  of 
the  probe  are  considered  to  resolve  (he  four  non-zero  Rcynolds-sticss  components. 

Tlie  measurements  arc  made  in  22  positions  on  the  axis  of  the  duct  between  the  longitudinal  positions  x  -  I) 
and  x  =  L  —  1.15  rn. 

(h)  Measured  quantities 

-  axial  mean  velocity  component  U, 

•  transverse  mean  velocity  components  V  and  IT  (negligible  compared  to  U), 

-  Reynolds  stresses  u2,  if2,  t/f2,  i mi, 

-  spectra  of  tlic  three  velocity  components, 

-  lengihscalcs  L„(—  Ln.i ),  !■„(—  L-n, i )  and  Lw(—  Lxt.i ),  deduced  from  the  concsponding  spectra. 

(c)  Measurement  errors 

Estimated  to  he  of  the  order  of  one  percent  for  the  mean  velocities  and  about  a  few  percent  lor  the  turbulence 
quantities. 

8.  Available  measurements 

The  results  aie  disposed  in  a  table  of  1 1  columns  corresponding  to  the  following  quantities: 

-  longitudinal  position  x  (in), 

-  relative  position  4  —  x/L, 

-  axial  mean  velocity  component  U  (m/s), 

-  Reynolds  stresses  v2,  v2.  it/2,  uw  ( m2/s 2), 

-  dissipation  rate  <  (nf/sJ),  evaluated  from  e  —  —2DUw  -  ^(i[dt/2 /dx\. 

-  lengihscalcs  £„(~  En  i),  L,.(—  Ltia)  and  /-„.(=  L 3:1.1)  (in). 

9.  Size  and  present  format  of  data 
Small  ASCII  (lie. 

10.  Contact  person 

()  I.cuchler 
ONERA 

8  rue  dcs  Verlugailins 
F  92  1 90  Mcudon.  France 
e-mail:  leuchtcr(£»otiera.fr 
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1 1 .  Main  references 

Leuciiter,  O.  &  Benoit,  J.P.  199)  Study  of  coupled  effects  of  plane  strain  and  rotation  on  homogeneous  turbu¬ 
lence  Eighth  Symposium  on  Turbulent  Shear  Flows.  Munich. 

Leuchter,  O.,  Benoit,  J.P.  &  Cambon,  C.  1992  Homogeneous  turbulence  subjected  to  rotation-dominated 
f '  ,nc  distortion  Fourth  European  Turbulence  Conference.  Delft. 

Leuchter,  O.  1993  Turbulence  homogcnc  soumisc  a  des  effets  couples  dc  rotation  cl  dc  deformation  plane  ou 
axisymetrique  Internal  ONERA  Report  15/1 145AY. 
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HOM20:  Transversely  Sheared  Flow 

Leuchter  et  al. 


1 .  Flow  description 

Homogeneous  transverse  shear  is  created  by  the  superposition  of  solid-body  rotation  at  rate  i!  and  plane  strain  at  rale 
D,  with  D  =  Q.  resulting  in  a  uniform  shear  flow  at  rate  S  =  D  +  fl  in  planes  perpendicular  to  the  flow  direction: 

£H+n=s  (|> 

Satisfactory  homogeneity  conditions  are  thus  achieved. 

2.  Geometry 

Solid-body  rotation  is  created  by  means  of  a  rotating  duct  of  0.3  m  diameter  equipped  with  a  fine-mesh  honeycomb 
and  a  grid  turhulencc  generator  of  1 .5  cm  mesh  size.  The  distorting  duct  lias  elliptical  cross  sections  of  constant 
area  with  continuously  increasing  eccentricity  and  varying  orientation  of  the  main  axes.  The  maximum  value  of  the 
aspect  ratio  a/6  of  the  elliptical  section  is  6,92  in  the  exit  plane  of  the  duct,  corresponding  to  a  non-dimensional  time 
St  ot  2.25.  The  length  of  the  distorting  duct  is  L  —  0.66  711. 

3.  Original  sketch 


Convergent  Rotating  duct  Distorting  duct 


4.  Flow  characteristics 

Tile  flow  is  initially  in  solid-body  rotation  and  the  turbulence  is  homogeneous.  The  axial  velocity  remains  constant 
during  the  straining  process  and  transverse  homogeneity  is  conserved  in  the  central  part  of  the  How.  The  turbulence 
becomes  progressively  anisotropic  under  the  effect  of  shear;  the  growing  of  the  transverse  shear  stress  correlation 
coefficient  is  very  similar  to  that  observed  in  flows  with  longitudinal  sheai. 

5.  Flow  parameters 

*  Axial  velocity:  10  rn/s. 

*  Strain  rate:  D  —■  17  s 

*  Rotation  rate;  H  =  17  s'1, 

*  Shear  rate:  5  —  34  s_1. 

6.  lull  iiw  conditions 

‘Nominal’  initial  conditions  (al  x  =  i)  and  for  =  10  m/s)  are: 
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*  kinclic  energy:  <y2/2  =  0.2f52  m2/.s2, 

*  anisotropy:  (n®  —  4-  =  0.150. 

*  dissipation  rate:  c  =  1C. 2  ni2/s3, 

*  longitudinal  integral  lengthscale:  Lu  =  G.G  x  ID"3  m. 

*  transverse  integral  lengthscale:  L,.  =  2.7  x  10  3  m, 

*  Taylor  microscale:  A  —  y/buq^/c  =  1.5G  x  l()_:l  m. 

*  Kolmogorov  lengthscale:  t]  --  (t/*/ c)1/M  =  0.12  x  10-3  w, 

*  microscale  Reynolds  number:  Rt  >,  —  i  A/t>  —  43.5. 

The  ini:ial  section  x  =  0  is  located  0.25  nt  downstream  of  the  turbulence  grid. 

7.  Measured  data 

(a)  Measurement  procedure 

Hot-wire  methods  using  D1SA  (DANTEC)  anemometers  55M0I  and  crossed- wire  probes  of  type  P6) .  Digital 
data  processing  of  100  x  2048  simultaneous  samples  for  both  velocity  components.  Four  angular  positions  of 
the  probe  arc  considered  to  resolve  the  four  non-zero  Rcynolds-slrcss  components.  Four-wire  probes  were  also 
used. 

The  measurements  are  made  in  1 3  equidistant  positions  on  the  axis  of  the  duct  between  the  initial  section  ,r  =  0 
and  the  exit  section  j:  —  L  =  0.6G  m. 

(b)  Measured  quantities 

-  axial  mean  velocity  component  U, 

-  transverse  mean  velocity  components  T  and  II'  (ncgligcable  compared  to  U), 

-  Reynolds  stresses  «®,  it'2,  in®,  VW, 

-  spectra  of  the  three  velocity  components. 

-  lengthscalcs  L„(=  Lit, i),  L,.(=  Ln. i )  and  L„.(  =  Lx. i.t).  deduced  from  the  corresponding  spectra. 

(c)  Measurement  errors  Estimated  to  he  of  the  order  of  one  percent  for  the  mean  velocities  and  about  a  few 
percent  for  the  turbulence  quantities. 

8.  Available  measurements 

The  results  arc  disposed  in  a  table  with  1 1  columns  cot  responding  to  the  following  quantities: 

-  longitudinal  position  x  (in), 

-  non-dimensional  time  St. 

-  axial  mean  velocity  component  U  (m/s). 

-  Reynolds  stresses  u®,  v2.  w2,  vw  (in2/s2), 

■  dissipation  rate  e  (»i® /*•'),  evaluated  from  c  -  -Svie  -  }Ill[(!</i /tlx], 

-  lengthscalcs  T„(—  L\\,\),Lr(=  E>j.i)and  /,„.(=  Z-33.1 )  (m). 

9.  Size  and  present  format  of  data 
Small  ASCII  file 

10.  Contact  person 

O.  l.enchter 
ONERA 

8  rue  dcs  Verlugadins 
F  92 1 90  Mctidon,  France 
e-mail:  lcuchter@oncra.ir 

1 1 .  Main  references 

MOUI.IN,  V..  Leuciiter,  O.  it  Geferoy,  P.  1989  Experimental  study  of  homogeneous  turbulence  in  the  presence 
of  transverse  shear  Seventh  Symposium  on  Turbulent  Shear  Flows.  Stanford. 

LEUCIITER.  O.  &  Geffroy,  P.  1989  F.imf’  cxpcrimcntnlc  <lc  la  turbulence  homogdne  en  rotation  el  ddf'trination 
Internal  ONERA  Report  12/1 11SAY. 

Leuciiter,  O.,  Benoit.  j.P ,  Bertooi  to.  J.P.  &  Mathieu,  J.  1990  Experimental  and  theoretical  investigation 
of  a  homogeneous  turbulent  shear  new  Thin!  European  Turbulence  Con  ference.  Stockholm. 

LEUCIITER,  O.,  Benoit,  J.P.  &  Geffroy,  P.  1991  luibulencc  homogdne  en  rotation  soumise  it  dcs  diets  dc 
deformation.  Ca.s  pnrticulicr  du  eisaillemem  Internal  ONERA  Report  1 .1/1  l-ISA )', 
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HOM21:  Uniformly  Sheared  Flow 


Tavoularis  &  Corrsin 

1 .  Description  of  the  flow 

Uniformly  sheared  turbulent  flow,  with  near  transverse  homogeneity  and  with  stresses  growing  exponentially  down¬ 
stream. 

2.  Geometry 

The  mean  shear  was  produced  by  a  shear-turbulence  generator,  consisting  of  a  set  of  ten  parallel  channels,  each 
having  a  mean  speed  adjusted  by  means  of  a  different  set  of  screens  posing  resistance  to  the  flow.  Circular  rods 
positioned  across  the  exit  of  each  channel  produced  a  relatively  high  initial  turbulence  level  and  could  also  be  heated 
electrically  for  the  generation  of  a  temperature  field.  The  same  set  of  channels  acted  as  a  flow  separator,  enforcing 
an  initial  uniformity  of  length  scales,  comparable  to  the  channel  height. 

3.  Original  sketch 


rods 


4.  Flow  characteristics 

The  side  walls  of  the  nearly  square  test  section  were  slightly  diverging  to  produce  a  nearly  constant  mean  pressure 
throughout  the  test  section.  Following  an  initial  development  length,  in  which  the  initial  turbulence  decayed,  a  fully 
developed,  quasi-sclf-similar  region  was  established.  In  this  region,  mean  shear  was,  by  far,  the  main  production 
mechanism  and  the  turbulence  attained  a  reasonable  transverse  homogeneity  and  reached  constant  asymptotic  values 
of  the  Reynolds  stress  anisotropies  and  the  production-lo-dissipalion  ratio.  All  Reynolds  stresses  and  the  turbulence 
kinetic  energy  grew  at  the  same  exponential  rates. 

5.  Flow  parameters 

Initial  channel 1  spacing,  M  —  30.8mm.  Test  section  height,  h  —  305mm.  Centreline  mean  speed,  Uc  —  12.4 ms~  ’. 
Mean  shear,  dUi/ch’2  —  46.8s''1. 

6.  Inflow  and  outflow  boundary  and  initial  conditions 

Because  the  turbulence  at  tile  exit  of  the  shear  generator  was  not  produced  by  the  mean  shear,  and,  therefore,  had  an 
irrelevant  structure,  one  should  avoid  using  measurements  too  close  to  the  origin  (c.g.  for  x^/h  <  4  5). 

7.  Measurements 

(a)  Measurement  procedures 

All  measurements  were  taken  with  standard,  single-  and  cross-wire,  hot  wire  anemometers.  Auto-correlations 
were  based  on  Taylor's  frozen  flow  approximation  and  two-point  correlations  were  measured  by  traversing  two 
probes  with  a  precision  device. 
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(b)  Measured  quantities  Means,  Reynolds  stresses,  triple  and  fourth-order  moments,  auto-correlations  and  two- 
point  correlations,  space-time  correlations,  integral  length  scales  in  different  directions.  Taylor  microscales, 
frequency  spectra  of  the  strcamwisc  and  transverse  velocities  and  the  shear  urcss,  and  single-point  pdf  and 
joint  pdf 

(e)  Measurement  errors 

Estimated  uncertainty  (959!  confidence  level)  is  29c  for  the  mean  velocity,  59?  for  the  mean  shear,  4%  for  the 
normal  turbulent  stress  and  89?-  for  the  other  stresses. 

8.  Available  variables 

Normal  and  shear  Reynolds  stresses,  integral  length  scales  and  Taylor  microscales  along  the  tunnel  centreline  have 
been  tabulated  vs.  downstream  distance.  Two-point  correlations  vs,  separation  distance. 

9.  Storage  size  required  and  present  format  of  the  data 
Small  ASCII  files. 

10.  Contact  person 

Professor  Stavros  Tavoularis 

Department  of  Mechanical  Engineering,  University  of  Ottawa 
Ottawa,  Ontario,  Canada  KIN  6N5 
tcl/fax:  (613)  562  5800  ext.  6271 
e-mail:  tav@cng.uottawa.ca 

1 1 .  Main  references 

Tavoularis,  S.  &  Corrsin,  S.  1981a  Experiments  in  a  nearly  homogeneous  shear  flow  with  a  uniform  mean 
temperature  gradient.  Part  1  J.  Fluid  Merit.  104,  31 1-347. 

Tavoularis,  S.  &  Corrsin,  S.  1981b  Experiments  in  a  nearly  homogeneous  shear  flow  with  a  uniform  mean 
temperature  gradient.  Part  2.  The  fine  structure  J.  Fluid  Merit.  104,  349-367. 
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HOM22:  Uniformly  Sheared  Flow 

Tavoularis,  Karaik  &  Fcrchichi 


1 .  Description  of  the  flow 

Uniformly  sheared  turbulent  flow,  with  near  transverse  homogeneity  and  with  stresses  growing  exponentially  down¬ 
stream. 

2.  Geometry 

The  mean  shear  was  produced  by  a  shear  generator,  posing  variable  resistance  to  the  flow.  A  flow  separator,  consist¬ 
ing  ot  a  set  of  parallel  channels,  enforced  an  initial  uniformity  of  length  scales,  comparable  to  the  channel  height, 
M.  When  desired,  the  mean  shear  magnitude  was  reduced  by  the  insertion  of  one  or  more  uniform  grids  or  screens 
in  the  flow  development  region. 

3.  Original  sketch 


4.  Flow  characteristics 

Following  an  initial  development  region,  tiic  turbulence  attained  a  reasonable  transverse  homogeneity  and  reached 
asymptotic  values  ol  the  Reynolds  stress  anisotropies.  All  Reynolds  stresses  grew  at  the  same  exponential  rates. 

5.  Flow  parameters 

Initial  channel  spacing,  M  —25.4  mm.  Cross  section  heignt.  h  =305  mm  (all  references),  Centerline  mean  speed: 
t/c  =  1 3.0  m/s  (Tavoularis  &  Karnik  1989,  TK89);  Ur  =8,9  m/s  (Fcrchichi  &  Tavoularis  1997,  FT97.)  Shear  rate: 
maximum  84,0  m/s,  reduced  by  (he  insertion  of  grid(s)  or  by  lowering  the  tunnel  speed  (TK89);  63.5  m/s  (FT97). 

6.  Inflow  and  outflow  boundary  and  initial  conditions 

Because  the  turbulence  at  the  exit  of  the  shear  generator  was  not  produced  by  the  mean  shear,  and.  therefore,  had  an 
irrelevant  structure,  one  should  avoid  using  measurements  loo  close  to  the  origin  (e.g.  for  a:,  jh  <  4.5). 

7.  Measurements 

(a)  Measurement  procedures 

All  measurements  taken  with  standard  single-  and  cross-wire,  hot-wire  anemometers. 

(b)  Measured  quantities 

Means.  Reynolds  stresses,  integral  length  scales  and  Taylor  microscales  (TK89,  Holloway  &  Tavoularis  1992). 
Pdf  of  streamwise  and  uansverse  velocity  differences  (FT97).  Energy  spectra  (Holloway  &  Tavoularis  1993.) 
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(c)  Measurement  errors 

Estimated  uncertainty  (95 %  confidence  level)  is  2'/i  for  the  mean  velocity.  59f  for  the  mean  shear.  4f/f  for  the 
normal  turbulent  stress  and  8%  for  the  other  stresses. 

8.  Available  variables 

From  Ref.  5:  Reynolds  stresses  anti  integral  length  scales  along  the  centreline  vs.  streamwise  distance  for  four 
different  mean  shear  rates. 

From  Ref.  I :  Probability  density  functions  of  streamwise  and  transverse  velocity  differences  (A«|  (  r | ),  Ar/-j (a:t ), 
A«i (a'2))  at  a  position  with  xi/h  =  7.83,  where  V,  =8.9  m/s,  u'\  =0.724  111/s,  X  =  4.6  mm,  L  =30  mm, 
Rex  —  212  and  i)  —  0.16  mm.  Energy  spectrum  of  the  streamwise  velocity. 

9.  Storage  size  required  and  present  format  of  the  data 
Small  ASCII  files. 

10.  Contact  person 
Professor  Slavics  Tavouiaris 

Department  of  Mechanical  Engineering,  University  of  Ottawa 
Ottawa,  Ontario,  Canada  KIN  6N5 
tcl/fax:  (613)  562  5800  ext.  6271 
e-mail:  lav@'cng.uotlavva.ca 

1 1 .  Main  references 

Ferchichi,  M.  &  Tavoularis,  S.  1997  Unpublished  measurements. 

HOLLOWAY,  A.G.L.  &  TaVOULARIS,  S.  1992  The  effects  of  curvature  on  sheared  turbulence  /  Fluid  Merit.  237,  569- 
603. 

Holloway,  A.G.L.  &  Tavoulakis,  S.  1993  Scaling  and  Structure  of  Turbulent  Eddies  in  Curved  Sheared  Flows 
Turbulent  Shear  Flows  8,  F.  Durst  et  a!  (editors),  383-401 ,  Springer. 

Karnik,  U.  &  Tavcmjlarls,  S.  1987  Generation  and  manipulation  of  uniform  shear  with  the  use  of  screens  Exper. 
Fluids  5,  247-254. 

Tavoularis,  S.  &  Karnik,  U.  1989  Further  experiments  on  the  evolution  of  turbulent  stresses  and  scales  in  uniformly 
sheared  turbulence  J.  Fluid Mech.  204,  457-478 


T\  . 
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HOM23:  Homogeneous  Shear  Flow 

Rogers  &  Moin 


1 .  Description  of  the  flow 

Incompressible  homogeneous  turbulent  shear  Row.  Passive  scalar  evolution  in  the  presence  of  a  mean  scalar  gradient 
also  included. 

2.  Geometry 

Fully  periodic  domain,  with  computational  grid  following  the  mean  shear  between  remeshings.  Orthogonal  grid  at 
multiples  of  St  =  2,  where  S  —  dU /dy  is  the  mean  shear  rate  and  f  is  time. 

3.  Original  sketch:  Not  applicable. 

4.  Flow  characteristics 

Homogeneous  turbulence  with  no  irrotational  interfaces  or  walls.  Size  of  large-scale  eddies  determined  by  initial 
energy  spectrum. 

5.  Flow  parameters 

Six  128  x  128  x  128  simulations  containing  four  different  hydrodynamic  fields  and  two  additional  cases  with  scalars 
of  different  Schmidt  numbers.  Box  size  9. 97  x  4.99  x  4,99. 


C128R 

C128S 

C128U 

C128W 

C128X 

Mean  shear  rate  S 

28.284 

28.284 

28.284 

56.568 

14.142 

Kinematic  viscosity 

0.010 

0.010 

0.010 

0.020 

0.005 

Schmidt  number  Sc 

1.0 

0.2 

0.7 

2.0 

0.7 

Mean  scalar  gradient 

2.5 

2.5 

2.5 

2.5 

2.5 

St 

16 

16 

16 

28 

14 

Once  the  flows  reach  (lie  developed  state,  Sif/t  ranges  from  about  10  to  15.  i/'1/(ct')  ranges  from  about  500  to  2000, 
and  the  microscale  Reynolds  number  u'X\/v  ranges  from  about  70  to  100. 

6.  Numerical  methods  and  resolution:  Spectral  numerical  scheme  as  in  (Rogullo  1981),  on  a  128’*  collocation  grid. 
The  grid  is  distorted  by  the  shear,  and  is  periodically  re-interpolated  to  orthogonal  (at  SAt  =  2). 

7.  Boundary  and  initial  conditions 

Periodic  boundary  conditions  in  all  three  coordinate  directions.  Initial  top-hat  energy  and  scalar  spectrum  over 
wavenumbers  16  <  k  <  32. 

8.  Averaging  procedures  and  resulting  uncertainties: 

Statistics  post-processed  using  the  same  spectral  basis  functions  used  lo  advance  the  Navicr-Stokes  equations  in 
time.  Statistics  are  comoilcd  over  individual  data  fields,  and  uncertainties  arc  correspondingly  high. 

9.  Available  variables 

Time  history  of  single-point  second-order  velocity  statistics,  integral  length  scales,  and  dissipation. 

Short-range  two-point  correlation  tensor,  up  lo  A Nx  =  ANV  —  ANZ  —  16  for  uV,  un,  v'2,  w1'2,  c'u',  c'v',  cn ,  at 
all  times  with  orthogonal  grids,  for  each  case. 

10.  Storage  size  required  and  present  format  of  the  data 

About  46  Mb  of  IEEE  single  precision  floating  point  data,  plus  short  ASCII  files. 

1 1 .  Contact  person 
Dr.  M.M.  Rogers 

NASA  Ames  Research  Centre,  Moffett  Field,  Ca.  94035,  USA. 

E-mail:  inrogers@nas.nasa.gov 
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12.  Main  references 

ROGALLO,  R.S.  1981  Numerical  experiments  in  homogeneous  turbulence.  NASA  Tech.  Memo.  81315. 

Rogers.  M.M  ,  Moin,  P.  &  Reynolds,  W.C.  1986  The  Structure  and  Modelling  of  the  Hydrodynamic  and 
Passive  Scalar  Fields  in  Homogeneous  Turbulent  Shear  Flow.  Dept.  Mcch.  Eng.  Report  No.  TF-25.  Slanford 
University,  Stanford,  California. 

Rogers,  M.M.  &  Moin,  P.  1987Tnc  structure  of  the  vorticity  field  in  homogeneous  turbulent  flows./.  Fluid  Merit. 
176,33-66. 

Rogers,  M.M.,  Mansour.  N.N.  &  Reynolds,  W.C.  1989  An  algebraic  model  for  the  turbulent  flux  of  a 
passive  scalar  /  Fluid  Mcch.  203,  77-101. 
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HOM24:  Homogeneous  Shear  Flow 

Sarkar 


1.  Description  of  the  How: 

Uniform  shear  flow  (DNS). 

2.  Geometry: 

Triply  periodic  mesh,  plus  shear.  Nondimcnsional  length  of  the  computational  domain  is  27t  in  each  direction.  This 
length  is  'much'  iarger  than  the  integral  length  scale  and  ideally  docs  not  determine  the  evolution  of  the  statistics. 

3.  Original  sketch:  Not  applicable. 

4.  Flow  characteristics: 

A  uniform  mean  shear,  S  =  dU /dy,  is  imposed  on  an  initial  isotropic  perturbation  field  u.  The  evolution  of  the  flow 
field  as  a  function  of  nondimcnsional  time,  St,  is  of  interest,  The  flow  is  nonlinearly  unstable  and  the  asymptotic 
state  is  exponential  growth  of  turbulent  kinetic  energy,  K,  and  turbulent  dissipation  rate,  e.  It  should  be  noted 
that,  since,  R\  and  the  integral  length  scales  increase  with  time  in  uniformly  sheared  flow,  the  simulation  has  to  be 
eventually  stopped  when  the  resolution  of  large  or  small  scales  becomes  inadequate. 

5.  Flow  parameters 

For  a  given  initial  spectral  shape  of  the  isotropic  velocity  perturbations,  the  subsequent  evolution  of  the  flow  as 
a  function  of  nondimcnsional  time  Si  depends  on  the  initial  values  of  shear  number  SK/c  and  the  microscale 
Reynolds  number  R\  —  u\/v.  Here,  u  is  the  r.m.s.  of  a  velocity  component  and  X  is  defined  by  f  =  15imz/Az. 
The  initial  values  of  the  parameters  are  SK/e  —  2.G,  R\  =  24,3. 

6.  Numerical  method  and  resolution: 

The  incompressible  Navicr-Siokcs  equations  arc  simulated  in  a  frame  moving  with  the  mean  velocity  as  in  Ro- 
gallo  (1981).  Rcmcshing  is  performed  at  regular  intervals  to  minimize  errors  due  to  the  skewed  grid  coordinates. 
Fourier  collocation  is  used  to  compute  spatial  derivatives  and  a  third-order,  Runge-Kutta  method  is  used  for  time 
advancement. 

Volume  averages  and  spectra  were  obtained  at  integral  SI  when  the  computational  grid  is  orthogonal.  The  computa¬ 
tional  domain  is  a  cube  of  size  27r  with  a  1283  spatial  grid. 

7.  boundary  and  initial  conditions 

Periodic  boundary  conditions  in  a  frame  moving  with  the  mean  velocity.  Initial  velocity  perturbations  are  isotropic 
with  an  energy  spectrum,  E(k)  oc  oxp(-2/r3//t2,),  with  km  =  18. 

8.  Averaging  procedures  and  resulting  uncertainties 
Statistics  are  compiled  during  the  run  for  individual  flow  fields. 

9.  Available  variables 

Time  history  of  single-point  second-order  velocity  statistics,  integral  length  scales,  and  dissipation. 

Short-range  correlations  for  «,«',,  u'.2u'.,,  xi'3v'3,  u',u'2,  and  p'p'  that  span  a  cube  of  side  16  points,  at  St  =  7,  1 1  and 
15 

Three-dimensional  energy  spectra  at  limes  Si.  —  0,  3  (2)  1 5. 

10.  Storage  size  required  and  present  format  of  the  data 

Approximately  2  MB  of  binary,  plus  short  ASCII  statistics 

1 1 .  Contact  person 
Sutanu  Sarkar 

Department  of  AMDS,  0411, 9500  Gilman  Drive 
University  of  California  at  San  Diego 


9-1 


La  Jolla,  CA  92093 


Email:  sarkar@amcs. ucstl.edu 

Tel:  (619)-534-8243  Fax:  (6 19)- 534 -7399 

12,  Main  references 

Sarkak,  S.  1995  The  Stabilizing  Effect  of  Compressibility  in  Turbulent  Shear  Flow  J.  Fluid  Mcch.,  282,  163-1 86, 

SaRKAR,  S.,  Eri.EBACHER,  G.  &  HUSSAIN  I,  M.  Y.  1991  Direct  Simulation  of  Compressible  Turbulence  in  a  Shear 
Flow  Theor.  Comput.  Fluid  Dynamics,  2,  291-305. 
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HOM25:  Homogeneous  Shear  Flow  (High  Shear) 

Lee,  Kim  &  Moin 


1.  Description:  Homogeneous  turbulent  shear  flow,  at  high  shear  rates. 

2.  Flow  geometry:  Uniform  shear  flow  with  linear  mean  velocity  profile. 

3.  Original  sketch:  Not  applicable. 

4.  Flow  characteristics 

The  flow  is  subject  to  high  shear  rate  (S*  =  Sq2/c  ~  35,  where  S  =  dU/dy  is  the  shear  rate,  q2  is  twice  the 
turbulent  kinetic  energy  and  e  is  the  dissipation  rale  of  q2/2)  and  the  streaky  structures  similar  to  those  found  in  the 
sublayer  [y+  <  10)  of  wall-bounded  flows  (where  S‘  ~  35)  develop  at  around  St  =  8  and  beyond,  indicating  that 
the  (dimensionless)  shear  rate  is  the  controlling  parameter  that  determines  the  organized  structures  in  turbulent  shear 
flows.  Comparison  of  turbulence  statistics  with  channel  flow  also  shows  remarkable  similarity. 

5.  Flow  parameters 

Mean  flow  has  uniform  shear  (and  hence  linear  velocity  profile,  U  =  Sy).  The  turbulence  Reynolds  number 
Rot  =  7'1/(tzf)  ranged  from  300-2400  for  St  =  0-16  and  tire  Reynolds  number  Rca  =  q\/v  based  on  the 

/_ _ 1  /•-£ 

longitudinal  Taylor  microscale  A  =  )  tanged  from  40  to  400. 

6.  Numerical  methods  and  resolution 

Pseudo-spectral  method  was  used  to  solve  the  Navier-Stokes  equations  with  512  x  128  x  128  Fourier  modes  in  the 
(x,y,  indirections.  Time-marching  was  done  with  the  second-order  Runge-Kutta  method.  Alias  removal  is  carried 
out  by  combination  of  phase  shift  and  truncation.  (Rogallo  1981).  Grid  spacing  was  uniform  in  ali  three  directions; 
A  »  4(v/S)'/2. 

7.  Boundary  and  initial  conditions 

Computational  domain:  (Bx,  By,  R:)  =  (8rr,27r,27r).  periodic  in  all  three  directions 

The  initial  condition  for  the  present  data  set  was  obtained  by  an  isotropic-decay  run  which  gave  an  isotropic  field 
with  realistic  statistics  including  velocity-derivative  skewness  sss  -0.47. 

8.  Averaging  procedures  and  resulting  uncertainties 

Averaged  it:  done  over  individual  fields. 

9.  Available  variables 

Time  histories  of  one-point  statistics:  R.tj,  dRjj/dl,  Reynolds-stress  transport  budget  terms  (Pij,  TiJ}  D,}),  integral 
length  scales,  Taylor  microscales,  as  well  equivalent1  quantifies  for  the  vorlieily. 

10.  Storage  size  required  and  file  format:  Short  ASCII  file. 

11.  Contact  person 
Moon  J .  Lee 

Department  of  Mechanical  Engineering,  Pohatig  University  of  Science  and  Technology 
Hyojn-dong  San  31,  Pohang  790-784,  Korea 

E-mail:  mjlec(n' vision. posted). ac.kr 

Phone:  82-562-279-2178 
FAX:  82-562-279-5567  or  3 1 99 

12.  Main  references 

Lfcfc,  M.J.,  Kim,  J.  &  Moin,  P.  1990  Structure  of  turbulence  at  high  shear  rate,  J.  Fluid  Mech.  216.  561-583. 
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HOM26:  Uniformly  Sheared  Flow  with  Streamwise  Plane  Strain 


Srccnivasan 


1 .  Description  of  the  flow 

Uniformly  sheared  turbulence  was  lei  to  develop  lo  an  asymptotic  state  and  then  passed  through  a  two-dimensional 
contraction,  perpendicular  to  the  mean  shear. 

2.  Geometry 

The  flow  was  generated  by  the  usual  means  of  a  shear  gcncrator/llow  scparatoi  device,  with  a  uniform  channel 
spacing,  essentially  the  same  as  the  Harris,  Graham  and  Corrsin  ( 1977)  and  the  Tavoularis  and  Con's  in  (1981)  setup 
(sec  ease  HOM21).  The  wind  tunnel  height,  h,  in  the  direction  of  mean  shear,  was  kept  constant  throughout  the 
experiment.  The  contractions  were  made  of  polished  wood  and  inserted  symmetrically  at  a  position  7.6 h  downstream 
of  the  shear  generator,  where  the  sheared  turbulence  had  reached  its  asymptotic  structure.  Two  contractions,  denoted 
as  a  and  b,  were  used,  with  final  contraction  ratios  equal  to  1  a  and  7.6,  respectively. 

3.  Original  sketch 


Shear  flow 
general or 
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4.  Flow  characteristics 

The  additional  losses  due  to  the  contraction  caused  a  decrease  in  the  upstream  centreline  mean  speed  and  mean 
shear,  compared  to  those  in  the  undisturbed  shear  flow;  these  decreases  were  stronger  for  the  larger  contraction 
ratio.  Through  the  contraction,  the  centreline  mean  speed  increased  nionotonically,  while  the  mean  shear  decreased 
inonotonically,  while  remaining  approximately  uniform  on  the  transverse  plane.  The  turbulence  also  remained 
approximately  transversely  homogeneous. 

5.  Flow  parameters 

The  important  parameter  characterizing  the  effects  of  contraction  is  the  ratio  of  the  mean  strain  rates  in  the  transverse 
and  strcamwisc  directions.  This  ratio  was  approximately  0.12  for  case  a  and  1  for  case  b.  The  turbulence  structure 
is  characterized  by  the  structural  parameters  K0  =  -tTfuJ/upIT  ,  7\'i  =  (ui2  —  «22)/(iii2  +  M22)  and  ft 2  = 
(til2  —  u32)/(iii2  +ti32),  following  Townsend’s  (1954)  notation. 

6.  Inflow  and  outflow  boundary  and  initial  conditions 

At  the  entrance  to  the  contraction,  the  mean  centreline  velocity  was  Uco  =  10.86ms-1  (a),  or  10.31ms-1  (b);  the 
mean  shear  was  ( dUi/dx-2)0  =  39s-1  (a),  or  36s-1  (b). 

7.  Measurements 

(a)  Measurement  procedures 

Cross-wire  anemometry  was  used  for  the  measurements. 

(b)  Measured  quantities 

Mean  velocity  profiles  and  the  dominant  Reynolds  stresses  were  measured  at  different  downstream  stations, 
upstream  and  through  the  contractions.  These  results  were  used  to  compute  the  evolutions  of  the  structural 
parameters  and  other  dimensionless  groups.  Some  inconsistencies  have  been  noticed  in  the  published  plots  of 
the  shear  stress.  It  would  be  better  to  disregard  Figure  5  of  the  paper. 

(e)  Measurement  errors 

Estimated  uncertainty  (95%  confidence  level)  is  2%;  for  the  mean  velocity,  5%  for  the  mean  shear,  4%  for  the 
normal  turbulent  stress  and  8%  for  the  other  stresses, 

8.  Available  variables 

Centreline  evolution  of  the  mean  velocity,  the  mean  shear  and  the  Reynolds  stresses  for  cases  a  and  b. 

9.  Storage  size  required  and  present  format  of  the  data 

Small  ASCII  files. 

10.  Contact  person 

Professor  K.R.  Sreenivasan 

Department  of  Mechanical  F-nginccring,  Yale  University 

New  Haven,  Conn.  06520,  USA 

tel;  (203)432  4345 

fax;  (203)432  7654 

e-mail:  krs@kolmogorov.eng.yale.edu 

1 1 .  Main  reference 

Sreenivasan.  K.R.  1985  The  effect  of  contraction  on  a  homogeneous  turbulent  shear  flow  ].  Fluid  Mech.  154, 
187-213. 
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HOM27:  Uniformly  Sheared  Flow  with  Uniform  Curvature 

Holloway  &  Tavoularis 


1 .  Description  of  the  flow 

Uniformly  sheared  turbulence  was  let  to  develop  to  an  asymptotic,  quasi-self-similar  slate  in  a  rectilinear  section 
and  then  passed  through  a  curved  section  with  a  uniform  curvature  on  the  same  plane  as  the  mean  velocity  gradient. 

2.  Geometry 

The  flow  was  generated  by  a  shear  gencrator/flow  separator,  with  a  uniform  channel  spacing,  M  —  25.4  mm,  as 
in  the  Tavoularis  and  Kurnik  (1989)  setup.  The  curved  section  was  inserted  at  a  position  10.5/1*  downstream  of 
the  shear  generator.  When  desired,  the  mean  shear  was  reduced  by  the  insertion  of  uniform  grids  upstream  of  the 
curved  section.  Two  curved  sections  with  different  radii  of  curvature  and  several  mean  shear  values  were  used  in 
these  experiments.  The  relative  orientation  of  curv-turc  with  respect  to  the  mean  shear  direction  could  he  reversed 
by  inverting  the  shear  generator. 

3.  Original  sketch 


4.  Flow  characteristics 

The  boundary  layers  were  essentially  removed  at  the  entrance  to  the  curved  section,  where  the  rectilinear  shear  flow 
had  developed  to  its  asymptotic,  self-similar  stale,  at  least  for  the  high  shear  cases.  The  wind  tunnel  width  was 
gradually  increased  in  the  curved  section,  to  partly  compensate  for  boundary  layer  growth.  Reasonable  uniformity 
of  the  mean  shear  and  transverse  homogeneity  of  the  turbulence  were  observed  in  all  eases.  The  curvature  enhanced 
or  suppressed  the  turbulence  kinetic  energy  and  shear  stress,  compared  to  those  in  rectilinear  shear  flow  subjected 
to  the  same  total  strain,  depending  on  whether  the  curvature  parameter  S  —  (Ur!  Rc)l(dV  jdn)  was  negative 
("destabilized  flow",  analogous  to  a  boundary  layer  over  a  concave  wall)  or  positive  ("stabilized  flow",  analogous  to 
a  boundary  layer  over  a  convex  wall). 

5.  Flow  parameters 

Tile  upstream,  straight  section  had  a  height  of  hs  =  305  nun  and  a  length  of  3.2  in.  The  curved  sections  had  a 
height  of  240  ram  and  centreline  radii  of  curvature,  either  5  in  (mild  curvature )  or  2  in  (strong  curvature).  Ten 
different  combinations  of  mean  shear  and  radius  of  curvature  were  generated,  grouped  in  two  sets  of  five  eases  each, 
according  to  the  sign  of  the  curvature  parameter  .S'.  The  evolution  of  the  various  parameter  is  presented  in  terms  of 
the  total  strain  r  ~  r„  —  (s/Uc)/(d(‘ /tin),  where  s  is  the  ciistancc  along  the  centreline  of  the  curved  section,  and  r„ 
is  the  total  strain  in  the  straigh'  section,  measured  from  the  position  ol  insertion  of  the  last  screen. 
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6.  Inflow  and  outflow  bou'  '  ry  and  initial  conditions 

The  values  of  the  differed  turbulent  parameters  upstream  of  the  curved  section  arc  specified  in  the  data  files  (r-r„  < 

0). 


7.  Measurements 


(a)  Measurement  procedures 

Single-  and  cross-wire,  hot-wire  anemometry  was  used  for  all  measurements. 

(h)  Measured  quantifies 

Reynolds  stresses,  integral  length  scales  and  Taylor  microscales  along  the  centreline  vs.  streamwise  distance 
for  different  mean  shear  rates  and  relative  orientations  of  the  mean  shear  and  curvature. 

(c)  Measurement  errors 

Estimated  uncertainty  (95%  confidence  level)  is  2%  for  the  mean  velocity,  5%  for  the  mean  shear,  4%  for  the 
normal  turbulent  stress  and  8%  for  the  other  stresses. 


8.  Available  variables 


Turbulence  kinetic  energy,  Reynolds  stress  anisotropies,  integral  length  scales  and  Taylor  microscales  along  the 
centreline  vs,  the  total  strain,  r  -  r0,  for  different  values  of  the  curvature  parameter,  S. 


9.  Storage  size  required  and  present  format  of  the  data 
Small  ASCII  files. 


10.  Contact  person 

Professor  Stavros  Tavoularis 

Department  of  Mechanical  Engineering.  University  of  Ottawa 
Ottawa,  Ontario,  Canada  KIN  6N5 
tel/ fax:  (613)  562  5800  ext.  6271 
e-mail:  tav@eng.uoitawa.ca 


1 1 .  Main  references 


Holloway,  A.G.L.  &  Tavoulaius,  S.  1992  The  effects  of  curvature  on  sheared  turbulence,  /  Fluid  Mech.lVl, 
569-603. 


Holloway,  A.G.L.  &  Tavoularis,  S.  1993  Scaling  and  Structure  of  Turbulent  Eddies  in  Curved  Sheared  Hows 
Turbulent  Shear  Flows  8  ,  F.  Durst  el  al  (editors),  383-401,  Springer. 


■ 
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HOM28:  Uniformly  Sheared  Flow  with  S-Shaped  Curvature 


Chcbbi,  Holloway  &  Tavoularis 


1 .  Description  of  the  ilow 

Uniformly  sheared  turbulence  was  let  to  develop  to  an  asymptotic,  quasi-self-similar  slate  in  a  rectilinear  section 
and  then  passed  through  an  S-shaped  curved  section  with  curvature  on  the  same  plane  as  the  mean  velocity  gradient, 
at  the  end  of  which  it  relaxed  in  a  final  straight  section.  The  specific  aim  of  these  experiments  was  to  determine  the 
rale  at  which  the  turbulence  structure  adjusts  to  sudden  changes  in  curvature. 

2.  Geometry 

The  flow  was  generated  by  a  shear  generalor/flow  separator  device,  with  a  uniform  channel  spacing,  similar  to  the 
Tavoularis  and  Karnik  (1989)  setup.  The  upstream,  straight  section  had  a  height  of  h  —  300  »tm  and  a  length  of 
3.19  m.  The  curved  sections  had  a  height  of  2-10  imn  and  centreline  radii  of  curvature.  /?,.  =  3.5  m.  The  relative 
orientation  of  curvature  with  respect  to  the  mean  shear  direction  could  he  reversed  by  inverting  the  shear  generator. 

3.  Original  .sketch 


All  dimensions  are  in  mm. 


4.  Flow  characteristics 

The  boundary  layers  were  essentially  removed  at  the  entrance  to  the  curved  section,  where  the  rectilinear  shear  Ilow 
had  developed  to  its  asymptotic,  self-similar.  The  wind  tunnel  width  was  gradually  increased  in  the  curved  section, 
to  partly  compensate  for  boundary  layer  growth.  The  curved  section  was  inserted  far  enough  downstream  of  the 
shear  generator  for  the  turbulence  to  approach  its  asymptotic,  self-similar  structure,  with  nearly  constant  Reynolds 
stress  anisotropies  and  exponentially  growing  stresses.  Reasonable  uniformity  oT  the  mean  shear  and  transverse 
homogeneity  of  the  turbulence  were  observed  in  all  eases,  except  in  the  final  straight  section,  where  the  boundary 
layers  appear  to  be  inllucncing  the  core  flow.  The  curvature  enhanced  or  suppressed  the  turbulence  kinetic  energy 
and  shear  stress,  compared  in  those  in  rectilinear  shear  flow  subjected  to  the  same  total  strain,  depending  on  whether 
the  curvature  parameter  S  —  (Ue/Hr)/{dll/du)  was  negative  ("destabilized  flow",  analogous  to  a  boundary  layer 
over  a  concave  walll  or  positive  ("stabilized  flow",  analogous  to  a  boundary  layer  over  a  convex  wall). 

5.  Flow  parameters 

The  incoming  flow  into  the  curved  section  hat)  a  curvature  parameter  S  w  ±0.05,  depending  on  the  orientation  of 
the  shear  generator.  The  evolution  of  the  various  parameter  is  presented  in  terms  of  the  dimensionless  distance  a/ It, 
where  ,s  is  the  distance  along  the  centreline  of  the  curved  section.  Some  results  arc  presented  vs.  the  total  strain 
A r  =  ( &x/Uc)/(dV/(lu ),  measured  from  the  latest  position  of  curvature  change. 
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6.  Inflow  and  outflow  boundary  and  initial  conditions 

The  values  of  the  different  turbulent  parameters  at  the  entrance  of  the  curved  section  arc  specified  in  the  data  files. 

7.  Measurements 

(a)  Measurement  procedures 

Single-  and  cross-wire,  hot-wire  anetnometry  was  used  for  all  measurements. 

(b)  Measured  quantities 

Reynolds  stresses,  integral  length  scales  and  Taylor  microscales  along  the  centreline  vs.  sircamwise  distance 
for  the  two  initial  relative  orientations  of  the  mean  shear  and  curvature. 

(c)  Measurement  errors 

Estimated  uncertainty  (95%  confidence  level)  is  2%  for  the  mean  velocity,  5%  for  the  mean  shear,  4%  for  the 
normal  turbulent  stress  and  8%  for  the  other  stresses. 

8.  Available  variables 

Turbulence  kinetic  energy,  Reynolds  stress  anisotropies,  integral  length  scales  and  Taylor  microscales  along  the 
centreline  vs.  s/ll,  for  the  two  initial  relative  orientations  of  the  mean  shear  and  curvature. 

9.  Storage  size  required  and  present  format  of  the  data 

Relatively  small  ASCII  files. 

10.  Contact  person 

Professor  Stavros  Tavoularis 

Department  of  Mechanical  Engineering,  University  of  Ottawa 
Ottawa,  Ontario,  Canada  KIN  6N5 
tcl/fax:  (6 1 3)  562  5800  ext.  627 1 
e-mail:  tav@cng.uottawa.ca 

1 1 .  Main  references 

Ciihbui,  B.,  Hoi.i.oway.  A.CJ.L.  &  Tavoularis,  S.  1997  The  response  of  sheared  turbulence  to  changes  in 
curvature  J,  Fluid  Mech.  (to  appear). 
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Data  Sheets  for: 

Chapter  4.-Shock- wave/  grid-turbulence  inter¬ 
action 


SHWOO:  Homogeneous  Turbulence  Interacting  with  a  Normal  Shock 

Jacquin,  Blin  &  Geffroy 


1 .  Description  of  the  (low:  Grid-generated  homogeneous  turbulence  in  supersonic  How  interacts  with  a  normal  shock¬ 
wave.  The  grid  is  located  at  the  entrance  of  a  supersonic  wind  tunnel  d!'  nearly  constant  cross  section  and  constitutes 
the  sonic  throat  of  the  tunnel.  The  position  of  the  shock-wave  is  controlled  by  a  second  throat  at  the  downstream  end 
of  the  tunnel  and  by  boundary-layer  suction  at  the  channel  wall. 

2.  Geometry:  The  dimensions  of  the  wind  tunnel  section  are  0. 1  w  x  0.12m  ;  the  mesh  width  of  the  turbulence  grid  is 
7  mm.  The  shockwave  is  located  at  a  distance  of  0.25  m  (i.e.  35.7  mesh  widths)  downstream  of  the  turbulence  grid. 

3.  Sketch: 

4.  Flow  characteristics:  Homogeneous  turbulence  interacts  with  a  normal  shock-wave  in  a  supersonic  flow.  The 
turbulent  energy  follows  a  decay  law  of  the  form  f~a8:l  upstream  ot  the  shock  and  (_l  41  downstream.  The  shock- 
wave  docs  not  produce  any  significant  amplification  of  the  turbulent  kinetic  energy. 

5.  Flow  parameters:  The  main  parameters  of  the  (low  (ahead  the  shock-wave)  arc : 

*  Mach  number:  M  =  1.4 

*  Stagnation  pressure:  p3  —  0.9  bar 

*  Stagnation  temperature:  Ts  —  290  K 

*  Turbulent  kinetic  energy:  q'l/'2  —  101  nr /s'1 

*  Mean  velocity:  U  —  405  in/ a 

*  Relative  turbulence  intensity:  sfip/V  =0.035 

6.  Inflow  conditions:  "Nominal"  initial  conditions  at  the  shock  position  arc; 

*  Mach  number:  M  =  1.4 

*  pressure;  /j  =  0.283  bur 

*  temperature:  T  —  208  K 

*  kinetic  energy:  iya/2  =  101  nr/s1, 

*  anisotropy:  (tr2  -  tt2)/</2  =  0.03. 

*  dissipation  rale:  r  =  1.55  x  10r’  m2/s:i  (estimated  from  the  variation  of  u*  assuming  isotropy), 

*  Taylor  microscale:  A  =  \Jbnny '/<  —  0.44  x  l()-3  in, 

*  Kolmogorov  Icnglhscale:  ij  —  (r/  '/r)1^1  =  2.0  x  l()~r>  m, 

*  microscale  Reynolds  number:  Jh  \  =  \/<lJ / 'S\/n  ~  122.8. 

7.  Measured  data: 

Measurement  procedure: 

-  Laser-Doppler  Vclocimetry  in  standard  two-colour  configuration  with  forward  scattering: 

-  ON1-RA  device  with  DANTKC  counters  1,1)55; 

-  The  transverse  dimension  of  the  probe  volume  is  about  0.2  mm; 

-  Samples  of  2000  instantaneous  values  are  considered  for  the  measurements. 

Measured  quantities: 


-  axial  mean  velocity  component  V , 

-  transverse  mean  velocity  component  1  ’  (negligible  compared  to  U ), 
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-  variance  01  me  nueiuuung  aMiti  vciucny  vuiupiuiviii 

-  variance  of  the  fluctuating  transverse  velocity  component  r'J. 

Measurement  errors 

Estimated  to  be  of  the  order  of  one  percent  for  the  mean  velocities  and  about  a  few  percent  for  the  turbulence 
quantities.  Particle-drag  bias  is  limited  to  a  few  millimeters  immediately  behind  the  shock-wave.  Emits  due  to 
tile  relatively  low  signal-to-noisc  ratio  may  he  important  in  the  very  downstream  part  of  the  explored  domain.  It 
is  to  note  that  a  number  of  2000  samples  is  convenient  for  mean  velocities,  blit  may  he  too  small  for  turbulence 
measurements,  even  in  the  (present)  case  off  w  turbulence  intensities. 

8.  Available  measurements 

The  results  arc  given  in  two  tables,  corresponding,  respectively,  to  the  shock-free  flow  (Table  I)  and  to  the  shock- 
turbulence  interaction  (Table  2).  All  the  data  are  given  in  physical  dimensions.  Each  table  includes  the  longitudinal 
position,  U,  V\  n'J,  v 2,  and  the  trace  of  the  Reynolds  stress  tensor,  evaluated  as  q‘l  -  u2  +  2i'2. 

The  tabulated  data  represent  average  values  from  eleven  axial  explorations  made  at  different  heights  (/.)  in  the  vertical 
symmetry  plane  (y=0)  of  the  wind  tunnel,  between  c  -  -0.03  and  +0.02  m. 

9.  Size  and  present  format  of  data:  Modest  si/e  of  data  (two  tables.  ASCII  format) 

10.  Contact  person: 

L.  Jacquin 
ONERA 

8  rue  ties  Verlugadins 
F  92190  Meudon,  Prance 
e-mail:  jaequin@oncra.IV 
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SHW01:  Homogeneous  turbulence  interacting  with  a  normal  shock 

Barrc,  Alem  &  Bonnet 


1.  Description  of  the  flow:  Homogeneous  turbulence  in  supersonic  flow  is  generated  by  means  of  a  multi-nozzle 
located  at  the  entrance  of  a  supersonic  wind  tunnel.  The  normal  shock  is  created  by  the  interaction  of  two  oblique 
shock  waves  through  a  Mach  effect. 

2.  Geometry:  The  dimensions  of  the  wind  tunnel  section  are  0.15m  x  0.15m;  the  ‘mesh  width’  of  the  multinoz/.le 
turbulence  generator  is  6  mm.  The  mesh  width  is  defined  as  the  square  root  of  the  ratio  between  the  cross  section  of 
the  turbulence  generator  and  the  total  number  of  micro-nozzles.  The  shock  wave  is  located  at  a  distance  of  0.46  m 
(i.c.  76.7  mesh  widths)  downstream  of  the  turbulence  grid. 

3.  Sketch: 

4.  Flow  characteristics:  Homogeneous  turbulence  conveeted  at  high  supersonic  speed  (Macli  number  =  3)  interacts 
witli  a  normal  shock-wave.  The  decay  of  the  turbulent  energy  is  characterized  by  a  law  of  the  form  l.  '0  Ta,  similar 
to  that  found  in  the  ONBRA  experiment.  The  shock-wave  increases  (as  expected)  the  axial  velocity  fluctuations,  in 
accordance  with  DNS  results,  and  decreases  the  axial  integral  lengthscale. 

5.  Flow  parameters:  The  main  parameters  of  the  flow  (ahead  the  shock-wave)  arc; 

*  Mach  number;  M  —  3.0 

*  Stagnation  pressure:  p ,  —  0.9  bar 

*  Stagnation  temperature:  T,  «  240  K 

*  Turbulent  kinetic  energy:  r/2/2  =2.02  m2/*2 

*  Mean  velocity:  U  —  550  m/s 

*  Relative  turbulence  intensity:  \f(p/V  =  0.004 

6.  Inflow  conditions:  "Nominal"  initial  conditions  at  the  shock  position  are: 

*  Macli  number:  M  —  3.0 

*  pressure:  p  —  0.0245  bar 

*  temperature:  T  =  8f>  K 

*  kinetic  energy:  q1  j'l  —  2.02  m'2  /s2 , 

*  anisotropy:  (it2  -  n2)/^2  «  0, 

*  dissipation  rate:  t  =  1.91  x  10'1  :n2/s'1  (estmuted  from  the  variation  of  ttA  assuming  isotropy), 

*  Tuylor  microscale:  A  =  v/5my2/<  =  0.79  x  10  :l  w, 

*  Kolmogorov  lengthscale;  //  =  (i iz’/f)1^  =  1.0  x  10""1  in., 

*  microscale  Reynolds  number:  R(j\  —  \fq2/'i\/v  —  15.5 

*  turbulence  Maeii  number:  u'/n  =  0.00(5 

*  longitudinal  integral  scale:  Lu  —  3.4  x  10  3  m 

7.  Measured  data: 

Measurement  procedure: 

Hot-wire  anemornetry  and  Lascr-Dopplcr  vclocimetry  liave  been  used: 

Hot-wire  anemornetry:  DANTBC  S5M 10  constant- temperature  anemometer  witli  55M 12  bridge;  DANTHC  55P1 1 
probes  equipped  with  2.5  pm  wires  (bandwilli  <  300  kHz). 

Laser-Doppicr  vclocimetry:  Two-colour  configuration  witli  forward  scattering;  data  processing  witli  Aerometrics 
DSA  system. 
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Measured  quantities: 

-  axial  mean  velocity  component  U, 

-  transverse  mean  velocity  component  l'  (negligible  compared  to  {/), 

-  variance  ol'  the  lluctuating  axial  velocity  component  ir, 

-  variance  of  the  lluctuating  transverse  velocity  component  r’. 

-  spectra  of  hot-wire  signals  (representing  mass  (lux  fluctuations). 

-  Icngthscalcs  L„(—  /. n .  1 )  deduced  from  autocorrelations  of  (lie  hot-wire  signal. 

Measurement  errors: 

Hot-wire  measurements:  Estimated  to  be  of  the  order  of  one  percent  for  the  mean  velocities  and  about  a  few  per¬ 
cent  for  the  turbulence  quantities. 

LDV  measurements:  Estimated  to  be  of  the  order  of  10  percent.  Errors  due  to  particle  drag  arc  estimated  to  he 
ncgligeable  downstream  of  4  mm  behind  the  shock. 


8.  Available  measurements: 

Data  are  given  both  for  shock-free  flow  and  shoek/turhulcncc  interaction: 

For  the  shock-free  ease:  U,  i i2/U'i,  the  longitudinal  integral  scale  I„,  the  ratio  ul / vl,  representing  the  anisotropy, 
and  the  correlation  coefficient  =  ftp/s/u'^  v‘*,  as  a  function  of  the  longitudinal  distance  front  the  grid; 

For  the  case  with  shock:  U,  V,  tia,  r*t  skewness  and  flatness  factors  for  the  longitudinal  velocity,  and  the  trace 
of  the  Reynolds  stress  tensor,  evaluated  as  q'  =  it1  +  2 1  •  - ,  as  a  function  of  the  distance  from  the  shock, 

Hot-wire  spectra  measured  upstream  and  downstream  of  the  shock  arc  also  given. 

9.  Size  and  present  format  of  data:  Modest  size  ASCII  file. 

10.  Contact  person: 

S.  Uarre 

LliA/CHAT 

43  rue  dc  I’Atirodrome 

F  86000  Poitiers,  France 

e-mail:  baric  fti>  u  n  i  v  -  po  i  1 1  e  is .  f r 
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PCHOO:  Fully  Developed  Turbulent  Pipe  Flow  Simulation 

Loulou,  Moser,  Mansour  &  Cantwell 


1.  Description  of  the  flow:  The  flow  is  a  numerically  simulated,  pressure-gradient  driven  fully-turbulent,  statistically 
stationary  pipe  flow. 

2.  Geometry:  The  flow  is  in  a  smooth  cylindrical  pipe  with  a  uniform  pressure  gradient.  The  domain  is  formally 
iniinite  in  the  streamwise  direction,  though  only  a  finite  domain  is  simulated  (sec  §7). 

3.  Sketch:  None  needed 

4.  Flow  characteristics:  Fully  developed  pipe  flow  exhibits  the  usual  characteristics  of  wall-bounded  turbulent  flows. 
However,  the  Reynolds  number  in  this  case  is  low  enough  to  produce  low-Reynolds  number  effects.  For  example, 
turbulent  kinetic  energy  production  does  not  equal  dissipation  anywhere  in  the  flow. 

5.  Flow  parameters:  Various  measures  of  the  flow  Reynolds  number  are  Ret,  =  5000,  Re,,  =  7248,  Rcr  —  380 
and  Cj  =  9.16  x  10-:t.  Reynolds  numbers  are  based  on  bulk  velocity,  centreline  velocity  and  friction  velocity 
respectively,  and  the.  diameter. 

6.  Numerical  methods  and  resolution:  The  numerical  method  uses  Fourier  expansions  to  represent  the  azimuthal  and 
streamwise  directions.  Near-spectral  resolution  is  achieved  using  b-splinc  (basis-spline)  polynomials  in  the  radial 
direction.  The  computation  is  carried  out  on  a  grid  of  72  x  160  x  192  (radial,  azimuthal  and  axial)  modes  for  a 
total  o''2.2  million  Fouiicr/b-splinc  modes  with  quartic  b-splines.  A  non-uniform  grid  is  used  in  the  radial  direction 
based  on  an  exponential  function.  The  first  point  away  from  the  wall  is  at  r '  =  0.39  while  near  the  center  of  the 
pipe  Ar+  =  5.7.  A  liner  grid  is  used  very  close  to  the  centre  of  the  pipe  where  regularity  conditions  are  imposed. 
See  Loulou  et  al  (1997)  for  details. 

7.  boundary  and  initial  conditions:  The  pipe  walls  are  treated  as  no-slip  boundaries.  The  no-slip  condition  is  imposed 
exactly  on  the  b-spline  expansion.  In  the  streamwise  direction,  the  domain  is  truncated  to  a  finite  size  and  periodic 
boundary  conditions  arc  imposed.  The  length  of  the  computational  domain  is  5 D.  Since  the  flow  is  statistically 
stationary  and  has  periodic  boundary  conditions  in  the  streamwise  direction,  the  initial  conditions  arc  irrelevant,  and 
there  is  no  need  for  inlet  conditions. 

8.  Averaging  procedures  and  uncertainties;  Turbulence  statistics  are  obtained  by  using  46  different  fields  approxi¬ 
mately  cquispaced  in  time  and  averaged  over  a  period  of  43  lime  units  ( D/Ut ).  Statistical  steady  stale  is  assumed 
to  have  been  reached  when  the  total  shear  stress  reaches  a  linear  function  of  radius  to  within  a  mean  dcvialion  of 
0.5%.  Comparisons  with  single-point  statistics  arc.  on  the  whole,  excellent  with  the  exception  of  higher  moments 
of  the  radial  velocity  near  the  wall  where  some  discrepancies  between  simulations  and  experiment  are  observed. 
See  Loulou  ct  al  (1997)  for  extensive  comparisons  to  experimental  data  (Eggels  cl  al,  1994,  Wcslerwccl  et  al.  1997, 
Durst  ft  ft/1995)  and  other  computations  (Kggcls  et  at,  1994,  Kim  ct  al,  1987). 

Correlations  of  the  velocity  show  that  velocity  fluctuations  remain  slightly  correlated  for  large  streamwise  separa¬ 
tions  suggesting  Ihul  the  domain  length  of  5 D  may  be  too  small  to  permit  adequate  comparisons  with  experiments 
carried  out  in  much  longer  pipes.  However,  this  uncertainty  will  not  affect  comparisons  to  LES  simulations  if  the 
same  domain  size  is  used. 

9.  Available  variables:  The  following  data  are  available:  1 )  Mean  velocity,  vorticity  arid  pressure,  2)  Reynolds  shear 
stress,  3)  Skewness  and  Flatness,  4)  Reynolds  stress,  kinetic  energy  and  dissipation  budgets,  5)  Streamwise  and 
azimuthal  velocity  spectra  of  all  three  components,  6)  Streamwise  and  azimuthal  vorticity  spectra  of  all  three  com 
ponents, 

10.  Storage  size  and  data  format:  Formal  is  ASCII,  requiring  approximately  1  MB  of  total  storage. 

11.  Contact  person: 

Brian  Cantwell 

27 1  Durand,  Stanford  1  Inivcrsity,  Stanford,  CA  94305.  USA 

Phone:  (415)-723-482:. 

Fax:  (415)  725-3377 

E-mail  cantwell@lcland.stanford.edu 
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PCH01:  Turbulent  Pipe  Flow  Experiments 

Durst,  Jovanovic  &  Sender 


1 .  Description  of  the  flow:  This  ease  is  a  fully  developed  turbulent  pipe  flow  at  low  to  moderate  Reynolds  number, 

2.  Geometry:  The  flow  is  in  a  smooth  cylindrical  pipe  with  Lj D  =  80, 

3.  Sketch:  None  needed 

4.  Flow  characteristics;  Fully  developed,  smooth  wall,  turbulent  pipe  flow  is  generated  in  an  80  diameter  long  pipe. 
Although  the  L/D  is  marginal  for  attaining  a  fully  developed  flow,  Ihe  required  development  distance  is  reduced 
somewhat  liy  the  use  of  a  trip  at  the  pipe  entrance.  The  assumption  of  fully  developed  flow  is  not  as  well  established 
for  this  case  as  for  the  other  pipe  flow  cases. 

5.  Flow  parameters:  In  this  case,  Ret  =  7442,  13500  and  20,800.  For  /?r:/,  =  7442,  we  get  UcT  =  500  and 
Cj  =  9.03  x  10-3.  It (;,  and  Rcr  are  based  on  diameter  and  bulk  and  friction  velocities  respectively. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  The  flow  is  tripped  at  the  pipe  entrance.  A  screw  conveyer 
pump,  which  generates  very  low  flow  rate  pulsations,  is  used  in  suction  mode  to  draw  fluid  through  the  test  section. 

7.  Measurement  procedures:  The  measurements  were  carried  out  using  Laser  Doppler  Amsmomclry  applied  to  a 
50mm  diameter  glass  pipe  mounted  in  a  rectangular  viewing  box.  The  pipe  and  viewing  box  are  tilled  with  a  working 
fluid  composed  of  a  mixture  of  Diesel  oils  whose  index  of  refraction  is  matched  to  the  pipe.  The  temperature  of  the 
working  fluid  is  controlled  by  healing  and  cooling  units  installed  in  the  upstream  and  downstream  settling  chambers 
of  the  lest  rig.  The  measuring  volume  was  measured  to  be  70  microns  in  diameter  and  250  microns  in  length.  The 
data  is  corrected  for  Idas  due  to  the  finite  size  of  the  measuring  volume.  Strategics  arc  used  to  minimize  errors  due 
to  measuring  angle  misalignment  and  electronic  noise  resulting  in  accurate  mean  velocity  data  down  to  y/+  —  0.5  at 
Rp.i,  —  7442.  See  Durst  el  al(  1995)  lor  detuils. 

The  lime  interval  between  samples  was  set  close  to  the  integral  time  scale,  D/Ur,  and  u  sample  size  of  40,000  was 
used  giving  a  relatively  low  statistical  uncertainty.  Estimated  errors  ate:  mean  <  0.28%,  turbulent  intensities  <  1%. 
flatness  <  2,3%.  It  may  be  that  the  potential  lack  of  fully  developed  flow  results  in  larger  uncertainties  than  these. 

8.  Available  variables:  The  following  data  are  available:  mean,  r.m.s.,  skewness  and  flatness  of  all  three  velocity 
components. 

9.  Storage  size  and  data  torinai;  The  data  is  in  ASCII  format  and  comprises  less  than  I  Ml)  of  storage. 

10.  Contact  person:  Franz.  Durst 

Lehrsiuh)  fur  Sirontungsmcchanik,  Universitiit  Lrlangen-Nurnberg 
Cauerstras.se  4,  D-9105R  Erlangen,  Germany 
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PCH02:  T\irbu!ent  Pipe  Flow  Experiments 

Perry,  Hcuhest  &  Chong 


1.  Description  of  the  flow:  This  case  is  a  fully  developed  incompressible  turhulcnt  pipe  flow,  both  smooth  and  rough 
wall  data  arc  included. 

2.  Geometry: 

The  apparatus  consists  of  a  long  cylindrical  pipe  lined  will)  an  upstream  axisymmclric  settling  chamber  and  27:1 
contraction.  The  settling  chamber  consists  of  honeycomb  flow  straighteners  and  4  screens. 

Smooth  Pipe:  Precision-drawn  brass  tubing  with  an  internal  diameter  of  0.099  m,  and  a  length  of  4 1 . 17  in.  Measur¬ 
ing  station:  I./D  =  308.5.  Static  pressure  locations:  L/D  =  49.2.  109.9,  170.5.  2.41.1, 291.7,  352.4.  The  smooth 
wall  flow  was  tripped  using  a  sandpaper  strip,  50  grit  and  1 5  mi  long. 

Rough  Pipe:  "k-lype"  roughness  (0.25  mm  height,  2.5  min  cell  size,  woven  fabric  wedding  vale  glued  lo  the 
inside  of  the  pipe).  Internal  Diameter,  0.10 1  m ;  length,  41.14  nr.  measuring  station.  L/D  —  390.7;  static  pressure 
locations,  L/D  —  46.1, 50.3,  176. R.  206.5,  226.5.  285,7,  345.1.  Static  pressure  probes  were  used,  rather  than  taps, 
2.0  min  diameter  hypodermic  tubing  20  min  off  the  wall. 

3.  Sketch:  None  needed 

4.  Flow  characteristics:  Both  smooth  and  rough  wall  eases  tire  fully  developed. 

5.  Flow  parameters:  In  the  smooth  wall  pipe,  data  is  available  at  Reynolds  numbers  Hr,.  =  75. 000,  100,000.  125.000, 
150,000,  175,000.  200,000  which  is  Hcr  -  1610.  2080,  2550,  3010,  3420.  3900.  respectively. 

In  the  rough  wall  ease,  the  same  centreline  Reynolds  numbers  are  available,  which  correspond  lo  Hr,  —  1671),  2380, 
2920,  3515,4140,  4710,  respectively.  Reynolds  numbers  arc  based  on  centreline  or  friction  velocities  and  diameter. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  The  apparatus  consists  of  a  long  cylindrical  pipe  titled  with  an 
upstream  axisymmclric  settling  chamber  and  27:1  contraction,  The  settling  chamber  consists  of  honeycomb  flow 
straighteners  and  4  screens,  The  smooth  wall  flow  was  tripped  using  a  sandpaper  strip  (50  grit,  15  cm  long).  Flow 
in  the  pipe  exits  into  a  centrifugal  fan.  The  pipe  is  expected  lo  be  fully  developed  at  the  measurement  station. 

7.  Measurement  procedures:  All  measurements  were  taken  at  approximately  400  diameters  from  the  pipe  cnuanco. 
Mean  flow  profiles  were  measured  with  pitot-static  tubes,  Pressure  drop  was  measured  along  the  pipe  using  static 
taps.  Results  were  corrected  for  small  density  changes  along  the  pipe  due  to  compressibility  effects.  Wall  friction 
was  inferred  from  the  pressure  drop  measurements.  Turbulence  measurements  and  spectra  were  measured  using 
cross-wires.  Hot-wires  were  calibrated  using  a  dynamic  calibration  system  giving  very  accurate  turbulence  intensity 
measurements. 

For  the  rough  wall  pipe,  pressure  drop  was  measured  using  a  sialic  pressure  probe  protruded  20  mm  from  the  wall,  A 
normal  wire  (D1SA  normal  boundary  layer  probe,  type  551*05 )  was  also  used  in  addition  to  an  in-house-built  X-wire. 
The  pressure  drop  and  Pilot-static  lube  mean  flow  data  were  monitored  using  a  Datainelrie  Barocell  pressure  trans¬ 
ducer  (model  I0I4A),  the  output  voltage  of  which  was  integrated  on  an  LAI  TR- 2(1  analogue  computer.  The  pressure 
drop  data  was  sampled  for  at  least  15  seconds.  For  mean  flow,  3  samples  of  1 5  second  data  were  ensemble  averaged. 
The  accuracy  of  mean  flow  measurements  and  wall  shear-stress  is  estimated  to  he  within  0.59! . 

Ail  hot-wire  signals  were  processed  on  line  using  a  TR-20  analogue  computer  together  with  a  DF.C  PDP  1 1/10 
digital  computer  ( 1 2  bit  resolution).  Reynolds  stress  data  was  averaged  from  K  bursts  of  8000  data  points  sampled 
at  200  II/..  The  accuracy  of  dynamically  calibrated  Reynolds  stresses  is  estimated  to  lie  within  2.591 . 

The  traversing  mechanism  was  accurate  to  within  0.05  nun.  See  llenhcst  ( 1 984)  and  Perry  rt  rt/(  1 9Kb)  for  details. 

8.  Available  variables:  Mean  streatnwise  velocity  and  skin  friction. 

9.  Storage  size  and  data  format:  The  data  is  in  ASCII  format  and  requires  approximately  1 00  Kb  of  storage. 

10.  Contact  person: 

Anthony  F..  Perry 

Department  of  Mechanical  and  Manufacturing  Hngincerinp  The  University  of  Melbourne 
Paikville,  Victoria,  3052,  Austialia. 
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PCH03:  Ttirbulent  Pipe  Flow  Experiment 


dm  Toonder  &  Nicuwstadt 


1 .  Description  of  tite  (low:  This  case  is  a  fully  developed  turbulent  (low  in  a  smooth  circular  pipe  at  moderate  Reynolds 
number. 

2.  Geometry:  The  geometry  is  a  cylindrical  pipe  with  a  diameter  of  4  cm  and  a  total  length  of  34  in  (L/D  85(1). 

3.  Sketch:  None  needed. 

4.  Flow  characteristics:  bully  developed  turbulent  pipe  How  exhibits  all  the  usual  features  of  wall-hounded  turbulent 
Hows. 

5.  Flow  parameters:  The  working  flu  id  is  water  at  a  temperature  T  •-  1(5.  (if.  (/>  =•  9!)8.9kg/iii3  and  a  -  1.09  x 
10"®m,/.st,e).  The  Reynolds  number  is  Hit,  ~  24,580  and  Ilcr  —  1582  (based  on  diameter  and  hulk  or  friction 
velocities  respectively). 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  The  How  is  tripped  at  the  pipe  entry.  All  experimental  data  arc 
taken  at  a  position  where  the  llow  can  be  considered  fully  developed. 

7.  Measurement  procedures:  Measurements  were  carried  out  using  a  two  component  laser  Doppler  anemometer.  The 

authors  suggest  using  a  wall  position  correction  of  A/-  -  2.02  x  10  r‘  in  with  the  uncorrecied  data  provided. 

The  sampling  frequency  was  fid  H/.  and  measuring  time  per  position:  300  s.  Hence,  typically  1800  samples  per 
position  were  taken,  fewer  close  to  tite  wall. 

Uncertainties  were  computed  in  a  standard  way  per  position  and  are  included  in  the  data  file.  Relative  errors  are 
approximately  0.4W  for  the  mean  velocity  and  Iff  (or  the  r.m.s.  velocity. 

See  den  Toonder  (1995)  for  more  details. 

8.  Availulile  variables:  Axial  and  radial  components  of  mean  and  r.m.s.  velocity,  skewness  and  lint  ness,  turbulent 
shear  stress  i,  —  m,+  ,  viscous  shear  stress  v,  =  -  til '/  /tlr  * ,  and  non  tlimensinnalived  production  of  turbulent 
energy  /'...  =  -77 <IU}  /<lr  *  are  all  piovidod  as  a  function  of  both  r  1  and  r/I)',  as  are  the  relative  statistical  errors 
in  the  mean,  r.m.s.  velocities,  flangeless,  and  17. 

9.  Storage  size  and  data  format:  Data  is  in  ASCII  formal,  requiring  approximately  100  kli  of  storage. 

10.  Contact  person: 

Dr.  Jaap  M  J.  den  Toonder 
Philips  Research  Laboratories 

Prof.  Holstlann  4,  5655  AA  Eindhoven,  The  Netherlands 
Phone.  i-3  MO-2742 1 85 
Pax:  +31-40  2744288 

e-mail:  toonder <a' nallab.iesearch.philips.com 
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PCH04:  Turbulent  Pipe  Flow  Experiments  (Superpipe) 


Zagarola  &  Smile 


1.  Description  of  the  flow:  This  case  is  a  fully  developed  turbulent  pipe  flow  with  Reynolds  number  varying  by  3 
orders  of  magnitude. 

2.  Geometry:  The  experiments  arc  carried  out  in  a  cylindrical  aluminium  pipe  with  a  diameter  of  12.7  cm  and  u  total 
length  of  2603.27  cm  (LjU  =  205).  The  wall  is  polished  smooth  over  its  full  length  to  a  roughness  measure  of 
approximately  0.15  micron  rms. 

3.  Sketch:  None  needed 

4.  Flow  characteristics:  Fully  developed  pipe  flow  exhibits  the  usual  features  of  wall-bounded  turbulent  (lows. 

5.  Flow  parameters:  The  experiments  wete  performed  in  a  test  pipe  enclosed  within  a  pressure  vessel.  The  working 
fluid  is  air  at  pressures  ranging  from  I  to  187  atmospheres.  Test  Reynolds  numbers  range  from  lif't,  -  31,500  to 
.35,259,000  (/?<;,  =  170(1  to  10“).  Reynolds  numbers  based  on  diameter  and  bulk  velocity  (or  friction  velocity). 
Detailed  gas  property  and  mean  (low  parameter  information  is  provided  with  each  velocity  profile. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  The  flow  at  the  pipe  entry  is  free  of  swirl  and  lias  a  relatively 
high  turbulence  level.  This  insures  fully  developed  flow  at  the  measuring  stations  in  the  absence  of  an  entry  trip. 

7.  Measurement  procedures:  Doth  the  flow  rate  and  gas  density  were  varied  to  achieve  the  set  of  tcsl  Reynolds 
numbers.  Gas  temperatures  remained  close  to  ambient.  Mean  velocity  profiles  were  measured  by  traversing  a 
0.9  mm  diameter  Pitot  tube  across  75%  of  the  pipe.  Static  pressure  measurements  were  taken  ut  twenty  0.8mm 
diameter  wall  tups  equally  spaced  over  a  25  diameter  long  section  between  the  secondary  measuring  station  at 
2072.67  cm  and  the  primary  measuring  station  at  2532.56 cm.  The  test  air  was  filtered  and  dried  to  produce  a  water 
content  of  approximately  14  ppm.  With  the  whole  system  under  pressure,  the  (low  through  the  pipe  was  generated 
using  u  vertical  turbine  pump  driven  by  a  variable  speed  motor. 

Typical  sampling  rates  for  the  Pitot  tube  were  at  500  sainplos/see  with  sampling  periods  of  approximately  30  see. 
The  tabulated  data  is  not  collected  for  the  effects  of  probe  displacement  although  several  correction  methods  are 
discussed  in  Zagaroltt  (1996).  A  complete  uncertainty  analysis  is  also  given  in  Zagarola  (1996),  The  uncertainty 
in  the  mean  velocity  is  estimated  to  be  0.VA  .  The  uncertainty  in  the  friction  factor  is  estimated  at  1.1  %.  For  more 
details  see  '/.agaroln  (1996)  and  Zngnrola  &  Smils  (1997). 

8.  Available  variables:  The  data  consists  of  a  set  of  mean  velocity  profiles  ut  7.6  Reynolds  numbers.  Header  informa¬ 
tion  for  each  profile  includes  gas  properties,  friction  velocity  and  compressibility  factor. 

9.  Storage  .size  and  data  format:  Data  is  in  ASCII  tiles,  requiring  approximately  130  Kb  of  storage. 

10.  Contact  person:  Prof.  Alexander  J.  Smils 

Director,  Gasdynamies  Laboratory,  Department  of  Mechanical  and  Aerospace  Engineering 

Princeton  University,  Princeton,  NJ  08544,  USA 

Tel:  (609)  258  5117;  Fax;  (609)  258  2276 

F-muil:  usmits (4puee.prineeton.edu 

http://www.princcton.edu/ giisdyn/People/Lcx.Sniiis.lHnil 
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PCH05:  Rotating  Turbulent  Pipe  Flow  Simulation 


1 18 


Orlundi  &  Fatica 


1 .  Description  of  the  flow:  The  flow  is  a  direct  simulation  at  low  Reynolds  number  of  smooth  wall  pipe  flow  with  the 
pipe  rotating  about  its  centreline  axis. 

2.  Geometry:  The  flow  is  in  a  smooth  cylindrical  pipe  with  a  uniform  pressure  gradient.  The  domain  is  formally 
infinite  in  the  streamwise  direction,  (hough  only  a  Unite  domain  is  simulated  (see  §7) 

3.  Sketch:  None  needed. 

4.  Flow  characteristics:  Fully  developed  pipe  flow  exhibits  the  usual  features  of  wall-hounded  turbulence  When 
the  pipe  rotates  a  drag  reduction  is  achieved  and  for  high  rotation  rates  the  mean  streamwise  velocity  tends  to  the 
parabolic  laminar  Poiseullc  profile. 

5.  Flow  parameters:  The  Reynolds  number  is  Hi  i,  =  '151(H)  and  data  for  lour  rotation  numbers  are  provided,  Ht>i,  ~  (I 
0.5,  I  and  2,  where  Ih>i,  -  Dil/Ui,. 

6.  Numerical  methods  and  resolution:  The  N-S  ei|ualiotis,  in  primitive  variables  and  in  cylindrical  coordinates,  are 
solved  by  a  second-order  finite  difference  method  on  a  staggered  grid.  For  the  details  of  the  numerical  method  see 
Vetv.ieeo  &  Orhmtli  ( 1995)  The  resolution  used  is  128  x  5)0  x  257 points  (in  the  azimuthal,  radial  and  axial  direction) 
lor  a  pipe  of  length  I,  ~  7.5/7. 

7.  Boundary  and  initial  conditions:  The  pipe  walls  are  treated  its  no-slip  boundaries.  In  the  streamwise  direction,  the 
domain  is  truncated  to  a  finite  si/e  and  periodic  boundary  conditions  ate  imposed.  The  length  of  the  computational 
domain  is  7.5/7. 

Since  the  flow  is  statistically  .stationary  and  has  periodic  boundary  conditions  in  the  streamwise  direction,  the  initial 
conditions  are  irrelevant,  and  there  is  no  need  for  inlet  conditions. 

K.  Averaging  procedures  and  resulting  uncertainties:  Averaging  is  performed  once  the  mean  profile  reaches  a 
steady-stale.  Averages  are  done  as  a  post-processing  procedure  on  fields  separated  by  a  A/  -■  2D/U(,  dimen¬ 
sionless  time  units.  For  N-0,  25  fields  are  sufficient .  For  N  2  the  number  of  fields  i net  cases  up  to  55,  The  physical 
reasons  for  a  larger  number  of  fields  is  related  to  the  elongated  helical  structure*  in  the  central  region  of  the  pipe. 

9.  Available  variables:  Mean  axial,  radial,  tangential  velocities  and  pressure  Turbulent  statistics  profiles,  such  as 
second  order  one-point  velocity  and  vorlieily  correlations,  skewness,  flatness,  onsirnphy,  helicily  and  I.nmb  vector 
components. 

10.  Storage  size  and  data  format:  Data  is  in  ASCII  formal  requiring!  approximately  I  Mb  of  storage, 

11.  Contact  person:  Prof,  Paolo  Orlundi 

Dip.  Mcecnnicii  e  Acrnnnu'icn.  Univ.  di  Roma  "I. a  Sapicn/n" 
e-mail:  nrlundi&’orinndisun.ing.uniromal  .it 
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PCH10:  Fully  Developed  Turbulent  Channel  Flow  Simulations 

Mansmir,  Moser  &  Kim 


1 .  Description  of  the  How:  The  How  is  a  numerically  simulated,  pressure-gradient  driven,  fully-turbulcnt,  statistically 
stationary  channel  How, 

2.  Geometry:  The  channel  llow  is  the  How  between  two  parallel  walls  separated  by  a  distance  2<S.  It  is  driven  by  a 
uniform  streamwise  pressure-gradient,  which  is  varied  in  lime  to  maintain  a  constant  mass  llux.  The  streamwisc  and 
spanwise  directions  ure  formally  infinite,  though  only  a  finite  domain  is  simulated  (see  §7). 

3.  Sketch:  None  needed. 

9.  Mow  characteristics:  The  Hows  exhibit  till  die  usual  characteristics  of  wall  bounded  lurluilcnl  Hows.  The  Reynolds 
numbers  are  sufficiently  high  for  a  small  region  to  exist  where  the  production  and  dissipation  rate  of  turbulent  kinetic 
energy  arc  almost  equal. 

5.  flow  parameters:  The  only  relevant  parameter  in  this  flow  is  the  Reynolds  number,  hi  the  two  eases,  /?cr  —  395 
and  590  (IU  i,  —  (1875  and  10935),  where  the  Reynolds  numbers  are  based  on  hall-width  and  friction  (or  bulk) 
velocity,  The  lower  Reynolds  number  ease  ( Rr,  •••  .305)  was  computed  by  Kim  (1990,  unpublished).  The  data 
were  used  in  Rodi  &  Munsour  ( 1993),  and  are  reported  along  with  the  high  Reynolds  number  (/(<’,  —  590)  data  in 
Munxour  ct  ill.  ( 1997), 

6.  Numerical  methods  und  resolution;  The  direel  numerical  simulations  were  performed  using  the  spectral  numerical 
method  of  Kim,  Moiii  &  Moser  ( 1937).  The  method  makes  use  olTourier  expansions  in  the  streamwise  and  spanwise 
directions  and  a  Chchychcv  representation  in  the  wall-normal  direction.  The  incompressible  Niivier-Slokcs  equations 
are  formulated  using  a  toroidal/poloidul  decomposition,  in  which  the  pressure  is  eliminated  and  incompressibility  is 
imposed  exactly.  See  Kim  el  «/ ( 1987)  for  details, 

The  number  of  fouricr/Chebychcv  modes  used  in  each  siimilalion  arc  shown  in  table  1,  ulong  willi  the  resulting 
streamwise  ami  spanwise  grid  spacing  in  plus  units  (the  Nyquist  grid  spacing  associated  with  the  highest  wavenum¬ 
ber  I'ourier  mode).  Also  shown  in  table  I  is  the  equivalent  grid  spacing  (an  effective  Nyquist  spacing)  in  the  y 
direction  ai  the  centre  of  the  channel.  An  esiimate  of  the  y  resolution  us  a  function  of  y  locution  is  given  by 
A// ''(//)  «  Ai/,.'  \f\  i /'J,  where  y  goes  from  1  at  one  wall  to  I  at  the  oilier, 

7.  iloundury  and  initial  conditions:  The  two  walls  of  the  channel  are  treated  as  no  slip  boundaries,  The  no-slip 
condition  is  imposed  exactly  on  the  Chchychcv  expansion  In  the  streamwise  and  spanwise  directions  the  domain  is 
truncated  to  a  finite  size  and  periodic  boundary  conditions  are  imposed.  The  domain  sizes  are  shown  in  table  1 

Since  the  llow  is  statistically  stationary  and  has  peiiodic  boundary  conditions  in  the  streamwise  direction,  the  initial 
conditions  are  irrelcvanl,  und  there  is  no  need  lor  inlet  conditions. 

K.  Averaging  procedures  and  resulting  uncertainties:  All  the  data  provided  from  these  simulations  are  obtained  by 
computing  the  appropriate  quantities  from  the  simulated  velocity  fields  and  averaging  in  die  homogeneous  spatial 
directions  j  anil  z  and  lime.  The  averages  in  time  are  taken  over  approximately  50  widely  spaced  velocity  fields  ill 
each  case. 

There  are  three  potential  sources  of  uncertainties  in  ibis  data,  hits!  is  die  numerical  discretization  errors  introduced 
in  the  numerical  .simulations.  These  uncertainties  should  he  negligible.  The  second  uncertainly  is  statistical,  which 
arises  from  computing  the  averages  over  a  Unite  domain  size  and  a  finite  time.  An  estimate  of  the  magnitude  ol 
this  crroi  can  he  obtained  by  realizing  that  the  ideal  proliles  will  he  cither  even  or  odd  m  y,  depending  on  the 
quantity.  Departure  from  lliis  ideal  behaviour  provides  an  estimate  of  the  error.  In  particular,  il  the  profile  of  a 
quantity  (/  should  be  even  (for  example),  then  the  magnitude  of  the  odd  pari  t(r/(i/)  —  <i[-y))/2)  relative  to  the  even 
pari  ((17(1/)  +  (;(;/))/ 2)  is  an  esiimate  of  the  relative  error  due  to  limited  statistical  sampling.  Such  estimates  can 
he  computed  fiom  the  daia  provided.  The  third  source  of  errors  is  due  to  the  finite  domain  size  of  die  numerical 
simulation,  though  the  domain  sizes  were  selected  to  ensure  that  this  uncertainty  is  small.  This  is  an  error  only  il 
one  lakes  the  view  dial  the  simulations  are  a  model  lor  an  ideal  (low  in  a  siicnniwi.se  and  spanwise  infinite  domain. 
However,  if  an  I  .KS  is  done  in  the  same  domain  with  the  same  periodic  boundary  conditions,  than  a  cumpai  icon  can 
he  made  without  enor  dm-  to  the  domain  size. 
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Ur, 

L; 

A',  x  .%  x  A-, 

Ar* 

A; 1 

A.'/,' 

395 

2t:A 

7T  A 

266  x  10,3  x  192 

10.0 

6.5 

6.5 

590 

2  zrA 

n  /> 

38  1  x  257  x  38-1 

9.7 

4.8 

7.2 

Table  1:  Simulation  parameters  for  the  two  channel  direct  numerical  simulations.  The  Reynolds  number  Ur,  is  based  on 
the  friction  velocity  vr  and  <5. 


9.  Available  variables:  For  both  cases,  profiles  of  the  mean  velocity  l'(y).  lire  velocity  vnrianres  r\  hi*),  and 
Reynolds  stress  uu  as  well  as  dissipation  (i ).  In  addition,  (be  triple  velocity  correlations  appearing  in  die  Reynolds 
stress  balance  ci|unlions  are  provided.  Furthermore.  slreamwise  and  spanwise  one-dimensional  spectra  of  the  three 
velocity  components  arc  provided  at  several  ?/  locations.  Note  that  all  of  these  data  are  computed  from  unliltercd 
velocity  fields,  so  care  must  be  exercised  when  comparing  these  data  directly  to  l.HS  results.  In  addition,  higher 
order  moments  such  as  tripplc  correlations  arc  more  sensitive  to  finite  statistical  samples,  so  the  uncertainties  in 
these  quantities  are  larger.  Finally,  the  small  separation  velocity-velocity  two-point  correlation  required  to  compute 
filtered  versions  of  the  second  order  statistical  profiles  as  described  in  Chapter  3  in  the  database  document  are 
provided. 

10.  Storage  size  and  data  format:  There  are  four  profile  files  containing  mean  velocity,  velocity  variance  dissipation 
and  triple  correlation  data  in  ASCII  (270  Kb).  In  addition,  there  is  a  binary  file  containing  the  small-separation 
two-point  corrrclaiinns  needed  to  compute  filtered  quantities.  Total  data  size:  23  Mbytes. 

1 1 .  Contact  person: 

Nagi  N.  Mansottr 

NASA  Ames- Research  Center,  Molfetl  Field.  CA  94035.  USA 

Phone:  (4  1 51-604-6420 

E-mail:  mitutisourC't'mail.ni  un  .i.pov 

or 

Rolrerl  1).  Moser 

Dept.  Theoretical  and  Applied  Mechanics,  University  of  Illinois 
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PCH11:  Fully  Developed  Turbulent  Channel  Flow  Experiment 

NicdcrschuUe,  Adrian  &  Hanratty 
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1.  Description  of  the  flow:  The  flow  is  a  fully  developed  turbulent  How  in  rectangular  channel. 

2.  Geometry:  The  channel  is  rectangular  with  aspect  ratio  12: 1  (24  inches  by  2  inches).  The  measurement  station  was 
located  3D4A  (394  inches)  down  stream  of  the  channel  inlet  and  trip,  and  in  the  centre  of  the  span  of  the  channel,  sec 
Niedcrsohulte  (1988)  and  Niedcrschulie,  Adrian  &  Hanratty  (1990)  for  details. 

3.  Sketch:  None  needed. 

4.  Flow  characteristics:  The  How  exhibits  all  the  usual  characteristics  of  wall  bounded  turbulent  flows, 

5.  Flow  parameters:  The  only  relevant  parameter  in  this  flow  is  the  Reynolds  number,  which  is  /{ej,  =  18.. '330  or 
licr  —  921.  The  working  fluid  is  wutcr  at  25°C. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  The  top  and  sitle  walls  of  the  channel  arc  rigid  and  conform 
to  the  design  dimensions  to  within  0.01%.  The  boundary  layers  at  the  inlet  of  the  channel  are  tripped,  and  the 
development  length  of  3944  is  sufficiently  long  for  the  channel  to  he  fully  developed. 

7.  Measurement  procedures:  The  velocity  was  measured  using  a  2-eomponcnt  LDV  system  with  a  measuring  volume 
llmt  is  35  microns  in  diameter  and  300  microns  long.  The  configuration  was  designed  to  permit  accurate  measure¬ 
ment  of  the  velocity  profile  near  the  wall,  without  correction  for  the  size  of  the  measurement  volume.  Water  in  the 
channel  wus  filtered  and  seeded  with  0.5  micron  particles  such  that  there  would  he  an  insignificant  probability  of 
more  than  one  particle  appearing  in  the  measurement  volume,  while  still  providing  a  near  continuous  signal.  The 
data  were  taken  with  a  very  high  sample  rale.  (500  ilz.)  to  eliminate  all  questions  of  velocity  biasing  associated  with 
low  data  density  in  LDV  measurements.  See  Niedcrschulie  ( 1988)  and  Nicdcrscluiltc  cl  o/(|990)  for  further  details 
of  the  measurement  procedures. 

In  the  near-wall  region  (j/+  <  20)  there  is  an  apparent  inereiise  in  the  rms  velocity  due  to  noise  caused  hy  optical 
(lure  front  the  wall.  Data  below  y+  —  20  should  not  he  considered  valid. 

8.  Available  variables:  The  streamwise  and  cross  stream  velocities  were  measured.  Mean,  r.in.s.  velocity,  Reynolds 
stress  and  skewness  and  flatness  profiles  at  selected  ;/  locations  arc  included, 

9.  Storage  size  und  data  format:  There  is  a  single  ASCII  data  file  containing  the  profile  data.  Total  data  size:  5kb. 

10.  Contact  person;  l’rol.  Ron  Adrian 

Dept.  Theoretical  und  Applied  Mechanics,  University  of  Illinois 
104  S.  Wright  St.,  Urbamt,  II,  61801  USA 
Phone:  (2l7)-333-l793 
E-mail:  r-ndrian (ouiuc.edu 
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PCH12:  Fully  Developed  Turbulent  Channel  Flow  Experiments 


Wei  &  Willniaitli 


1 .  Description  of  the  flow:  The  How  is  :i  lully  developed  turbulent  flow  in  rectangular  eltnnncl. 

2.  Geometry:  The  channel  is  rectangular  with  aspect  ratio  1 1.0:1  < ^0  -1 K  cm  by  2.572  cm).  The  measurement  station 
was  located  173(5  down  stream  of  the  channel  inlet,  and  in  the  centre  of  the  span  of  the  channel,  see  Wei  &  Willmarth 
( 1989)  for  details. 

3.  Sketch:  None  needed. 

4.  Flow  characteristics:  The  Mow  exhibits  all  the  usual  characteristics  of  wall  hounded  turbulent  Hows, 

5.  Flow  parameters:  The  only  relevant  parameter  in  this  flow  is  the  Reynolds  number,  which  for  the  throe  cases 
included  here  is  Iit\  -  H!)F1, 22776 and  39580.  lit,,  -  13115,  20197  and  35353.  or  Hr,  -  708.  1017  and  1555. 
Reynolds  numbers  are  based  on  half-width  (<5)  and  centreline,  hulk  or  friction  velocities  respectively,  The  working 
fluid  is  water. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  The  top  and  side  walls  of  the  channel  are  rigid  and  conform  hr 
the  design  dimensions  to  within  0.255! .  and  the  development  length  was  173<5  horn  the  channel  inlet.  This  should 
be  sufficiently  long  for  the  channel  to  he  fully  developed. 

7.  Measurement  procedures:  Velocities  were  measured  using  a  high  spatial  and  temporal  resolution  two  colour,  two 
component  L.DA  Wei  tk  Willmarth  ( 1989).  The  I  .DA  measurement  volume  was  formed  by  crossing  four  laser  beams, 
two  green  and  two  blue,  within  a  50  micromeici  diameter  sphere,  This  translates  to  a  spatial  resolutions  of  2.76, 
3  94,  and  6.43  viscous  units  for  the  tlncc  Reynolds  numbers,  respectively.  The  llow  was  seeded  using  3  micrometer 
diameter  titanium  dioxide  particles.  Statistically  long,  time  resolved  data  records  were  taken  at  a  number  of  distances 
fiom  the  wall  for  each  Reynolds  number. 

The  I  .DA  data  rates  were  sufficiently  high  to  provide  smooth,  time  resolved  velocity  measurements,  which  enabled 
the  compulation  of  lluelunting  velocity  spectra.  This  also  eliminates  the  possibility  of  velocity  biasing  due  to  low 
data  rates,  For  all  Reynolds  numbers,  the  highest  data  rates  were  obtained  between  i/'1  w  15  and  i/ 1  k  500,  Data 
rales  tended  to  lie  uniformly  high  throughout  this  region.  The  lowest  data  tales  occurred  very  close  to  the  wall  and 
at  the  channel  centreline.  Data  was  not  taken  with  data  rales  less  than  300  II/.  At  all  lliice  Reynolds  numbers,  the 
two  v'  measurements  closest  to  the  wall  appear  to  he  affected  by  low  data  in’.  ,.  The  two  closest  data  points  to  the 
wtill  are  thus  less  reliable  than  the  rest  of  the  data. 

8.  Available  variables:  The  streaniwise  and  cross  stream  velocities  were  measured.  Mean,  uns  velocity  and  Reynolds 
stress  profiles  arc  included. 

9.  Storage  size  and  data  formal:  There  are  three  ASCII  data  files  containing  the  piolilc  data  I'm  the  three  Reynolds 
numbers.  Total  data  si/e:  1  *1  k b. 

10.  Contact  person:  Prof Timothy  Wei 

Dept.  Mechanical  and  Aeronautical  linginccring.  Rutgeis  llniveisity 
1J0  Box  909.  Pisentawny  N.i,  USA 
Phone:  (908)  445  7.7 1 K 
twci("'jove.  rulgcrs.edu 
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PCH13:  High  Reynolds  Number  Channel  Flow  Experiment 

Comte-Bcllot 


1 .  Description  of  the  (low:  The  flow  is  a  fully  developed  turbulent  How  in  rectangular  channel. 

2.  Geometry:  The  channel  is  rectangular  with  aspect  ratio  13.3:1  (2.4  in  by  18  cm).  The  measurement  station  was 
located  122(5  down  stream  of  the  channel  inlet,  and  in  the  centre  of  the  span  of  the  channel,  see  Comte-Bcllot  (1965) 
for  details. 

3.  Sketch:  None  needed. 

4.  Flow  characteristics:  The  flow  exhibits  all  the  usual  characteristics  of  wall  hounded  turbulent  flows. 

5.  Flow  parameters:  The  only  relevant  parameter  in  this  flow  is  the  Reynolds  number,  which  for  the  three  eases 
included  here  is  Rco  =  57000,  120000  and  230000,  or  IicT  =  2340,  4800  and  8160.  Reynolds  numbers  are  based 
on  half-width  (<5)  and  bulk  or  friction  velocities  respectively.  The  working  fluid  is  air. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  The  lop  and  side  walls  of  the  channel  arc  rigid  and  conform  to 
the  design  width  0. 1  mm,  and  the  development  length  was  122<5  from  the  channel  inlet. 

7.  Measurement  procedures:  Mean  velocity  measurements  were  made  with  pito  probes  except  very  close  to  the  wall 
(less  than  3  mm).  Constant  current  X-wire  anemometers  with  analog  linearization  were  used  to  measure  second 
order  moments.  The  linearization  makes  higher  order  moments  suspect,  so  they  are  not  included.  The  wire  lengths 
arc  3mrn  and  the  wires  were  2  mm  apart,  The  wire  length  is  thus  between  78  and  270  wall  units,  which  is  rather  large, 
especially  near  the  wall.  For  this  reason,  near-wall  data  in  not  included.  Comle-Bellol  estimates  the  uncertainties 
in  the  mean  velocities  away  from  the  wall  to  be  approximately  1%,  and  6%  for  the  velocity  variance  away  from  the 
wall.  See  Comtc-Bellol  ( 1965)  for  more  details. 

8.  Available  variables:  The  slrcamwisc, cross  stream  and  spanwisc  velocities  were  measured.  Mean,  nns  velocity  nnd 
Reynolds  stress  profiles  are  included. 

9.  Storage  size  and  data  format:  There  arc  nine  ASCII  data  files  containing  the  profile  data  lor  the  three  Reynolds 
numbers.  Total  data  size:  14kb. 

10.  Contact  person:  Prof.  Genevieve  Comte-Bcllot 
Ecolc  Centrale  de  I. yon 

36  Avenue  Guy  de  Collongue 
BP  163-69131  Hcully  Ccdcx,  France 
Phone: 33 4  72  I8  60  10 
gcbCesclcnc.mccaflu.cc-lyon.fr 
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PCH20:  Fully  Developed  ,  ating  Channel  Flow 


Johnston,  Halleen  &  Le/.ius 


1.  Description  of  the  flow:  A  small  water  channel  was  rotated  at  a  ct.r.slnnt  rate  about  an  axis  perpendicular  to  the 
flow  direction  to  generate  a  Coriolis  effect  (in  the  channel  flow.  The  resulting  asymmetry  in  the  flow  was  explored, 
including  the  effects  on  the  turbulence. 

2.  Geometry:  Water  was  pumped  through  a  channel  rotating  about  an  axis  parallel  to  the  mean  (transverse)  vort icily 
in  the  channel  flows  The  channel  was  I  in  long.  0.04  m  high  and  0.2K  in  wide.  Measurements  were  performed  in  a 
region  10<1  long. 

3.  Sketch:  None  needed. 

4.  Flow  characteristics:  On  the  centreline,  mean  velocity  measurements,  at  zero  rotation,  indicate  the  flow  to  be  fully 
developed.  However,  computed  vali.es  of  the  mixing  length  indicated  the  flow  was  still  developing.  Existence  of  a 
two-dimensional  region,  free  of  the  influence  of  the  side  walls,  was  verified.  Rotation  acts  to  suppress  turbulence  on 
one  side  of  the  channel  raid  enhance  it  on  the  other. 

5.  Flow  parameters:  Tests  were  pet  formed  for  a  range  of  Reynolds  and  Rotation  number:;,  and  data  is  available  at 

Rrt,  -  5500  Ho  <  0.21 
Ur i,  —  17,  5(10  Ho  <  O.llSl 

where  Ri'i,  is  the  Reynolds  number  based  on  half-width  and  hulk  velocity,  and  /?„  ---  26il/L'i.  is  the  rotation  number, 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  The  flow  entered  the  channel  from  a  plenum  with  flow  slraight- 
cncrs.  Mean  velocity  measurements  with  no  rotation  indicated  fully  developed  channel  flow  nl  the  measurement 
region  53  and  (iff  channel  widths  from  the  •.•nlrance  However,  mixing  length  profiles  indicated  that  the  flow  was  not 
quite  fully  developed.  The  outflow,  beyond  the  measurement  region,  was  through  a  perforated  plate  across  which 
the  pressure  drop  w.;s  used  to  calculate  the  flow  rate. 

7.  Measurement  procedures:  Mean  velocity  profiles  were  measured  by  pressure  probes  using  a  special  iterative 
procedure  to  deduce  the  velocity.  Flow  visuali/alion  was  employed  to  inlet  the  state  of  the  flow  and  the  near  wall 
turbulent  structure. 

Velocity  profiles  arc  available  for  two  combinations  of  Reynolds  number  and  rotation  rale: 

(a)  Measured  quantities: 

Mean  primary  flow  velocity.  U, 

Local  wall  shear  stress.  r„.  (inferred  from  the  velocity  measurements) 

(b)  Measurement  Uncertainties:  A  recent  re-analvsis  of  the  data  by  the  authors  suggests  an  uncertainty  in  the  mean 
velocities  of  J_]  .5%.  and  an  uncertainty  in  (he  wall  shear  stress  of  L2..VX .  The  authors  also  suggest  that  these  may 
be  low  estimates  (see  the  README  associated  with  this  data  in  the  datahase). 

8.  Available  variables:  Mean  velocity  profiles  and  wall  shear  stress.  In  addition,  extensive  qualitative  observations 
arc  noted  from  (low  visualization. 

9.  Storage  size  and  data  format:  There  are  three  ASCII  data  tiles,  containing  profiles;  two  lor  the  two  Reynolds 
numbers  studied,  and  one  containing  the  relative  values  oi  the  wall  friction  velocity.  Total  data  si/e:  1 5Kh. 

10.  C  ontact  person: 
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PCH21:  Fully  Developed  Rotating  Channel  Flow  Simulations 

Pioiuclli  &  Liu 


1.  Description  of  the  flow:  The  rolling  channel  flow  is  obtained  by  imposing  a  spanwise  rotation  on  a  2D  fully- 
developed  turbulent  plane  channel.  To  attain  a  fully  developed  flow,  the  simulation  was  allowed  to  develop  until  a 
statistical  steady  slate  was  reached,  and  statistics  were  then  accumulated.  This  DNS  was  part  of  a  larger  study  on 
the  computation  of  this  flow  by  large-eddy  simulation. 

2.  Geometry:  The  computational  domain  was  47t<S  x  25  x  47r5/3  in  the  streamwisc,  wall-normal  and  spanwise  direc¬ 
tions,  respectively, 

3.  Sketch:  None  needed. 

4.  Flow  characteristics:  The  flow  characteristics  evident  in  the  simulations  of  Kristoffersen  &  Andcrsson  (1993)  were 
also  noted  in  this  study.  See  previous  section  for  a  description.  Filtered  data  are  available  from  this  study  which  arc 
not  available  for  Kristoffersen  &  Andcrsson  (1993). 

5.  Flow  parameters:  The  parameters  for  this  flow  are  the  Reynolds  number  and  the  rotation  number.  The  Reynolds 
number  for  this  flow  is  Rer  —  177  (based  on  tir  and  5,  the  shear  velocity  and  channel  half-width)  or  Ret  —  2850 
(based  on  bulk  velucity  Ut  and  5).  The  rotation  number.  Rot  —  2Sn/Ut  =  0.144,  and  based  on  uT  and  5'  it  was 
1.166. 

6.  Numerical  methods  and  resolution:  The  Navier-Stokes  equations  are  integrated  in  time  using  a  Fourier-Chcbyshev 
pseudospectral  collocation  scheme,  The  skew-symmetric  form  of  the  momentum  equation  is  employed,  and  the  time 
advancement  is  performed  by  a  fractional  time  step  method  with  a  scmi-implicit  scheme.  The  wall-normal  diffusion 
term  is  advanced  using  the  Crank-Nicolson  scheme,  and  the  remaining  terms  by  a  low-storage  third-order  Rungc- 
Kutta  scheme.  Periodic  boundary  conditions  arc  applied  in  the  streamwisc  and  spanwise  directions,  and  no-slip 
conditions  at  the  solid  walls.  96x97 x  128  grid  points  were  used. 

7.  Boundary  and  initial  conditions:  (a)  Domain  size  and  truncations  :  Size:  4rr5  x  25  x  4 irS/U  in  the  streamwisc, 
wall-normal  and  spanwise  directions  with  a  grid  of:  96  x  97  x  128. 

(b)  Boundary  conditions  :  No  slip  on  the  walls;  periodic  in  the  streamwisc  and  the  transverse  directions. 

(c)  Inlet  or  initial  conditions  ;  Results  from  an  equilibrium  (no  rotation)  simulation  were  used  as  the  initial  condition. 
After  rotation  was  applied,  a  new  steady  state  was  reached,  and  the  statistics  were  obtained. 

8.  Averaging  procedures  and  /esulting  uncertainties:  Averaging  was  performed  over  4  dimensionless  time  units, 
tiir/S.  The  total  shear  stress  deviated  from  the  expected  linear  variation  by  less  than  0.5%. 

9.  Available  variables:  lime-  and  plane-averaged  data  available  include  all  the  velocity  moments  up  to  the  flatness, 
Skewness  and  flatness  were  computed  using  only  the  restart  files,  while  first  and  second  moments  were  calculated 
on  the  fly.  and  arc,  therefore,  substantially  smoother.  Several  flow  realizations,  cither  on  the  original  grid  or  on  a 
finer  mesh  ( 1 28  x  129x  128  grid  points)  are  available  from  the  contact. 

10.  Storage  size  and  data  format:  There  is  a  single  ASCII  data  file,  containing  profiles  of  mean  velocity,  velocity 
variance  and  Reynolds  shear  stress.  Total  data  size:  21kb. 

1 1 .  Contact  person:  Prof.  Ugo  Piomelli 
Dept.  Much.  Engr..  Univ.  of  Maryland 
College  Park.  MD  20742,  USA 
Phone:  (301)405-5254 

E-mail:  ugo@glue.umd.edu 
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PCH22:  Fully  Developed  Rotating  Channel  Flow  Simulations 


Andersson  &  Kristoffersen 


1.  Description  of  tlie  flow:  The  rotating  channel  How  is  obtained  by  imposing  a  spanwise  rotation  on  a  2D  fully- 
developed  turbulent  plane  channel.  To  attain  a  fully  developed  flow,  the  simulation  was  allowed  to  develop  until  a 
statistical  steady  state  was  reached,  and  statistics  were  then  ate  mutilated. 

2.  Geometry:  The  channel  flow  between  parallel  walls  was  simulated  in  a  computational  domain  of :  47t4  x  24  x  2  arf 
(where  2(5  is  the  channel  height). 

3.  Sketch:  None  needed. 

4.  Flow  characteristics:  With  increasing  rotation  the  velocity  becomes  more  asymmetric  and  contains  a  linear  region 
of  slope  dU/ily  ~  2(2  in  (he  centre  of  the  channel.  The  wall-layer  on  the  unstable  side  becomes  thinner  and  the 
turbulence  is  enhanced,  then  levels  off  around  Hot,  —  0.10;  a  significant  drop  is  noticed  at  Ho /,  -  0.5.  On  the.  stable 
side  the  wall-layer  becomes  thicker,  and  the  turbulence  level  is  reduced,  without  attaining  a  full  relaminari/alion. 

An  interesting  observation  is  the  tendency  towards  isotropy  of  the  turbulence  on  the  unstable  sitlc,  due  to  the  aug¬ 
mentation  ol  />2and  the  saturation  of  t/2.  On  the  stable  side,  however,  the  anisotropy  increases  with  Ho.  Another 
important  finding  is  the  existence  of  regions  of  negative  energy  production,  already  hypothesized  on  the  basis  of  the 
experiments  (Andersson  &  Kristoffersen.  1994).  The  region  arises  when  the  position  of  zero  turbulent  stress  docs 
not  coincide  with  the  maximum  of  the  mean  velocity.  Negative  energy  production  leads  to  energy  being  cxlrncicd 
from  the  turbulence  and  could  be  an  interesting  test  for  models. 

The  Tiiylor-Oibr tier  rolls  are  observed  but  arc  found  unsteady,  apart  from  the  case  Hty,  =  0.15.  Therefore,  no  attempt 
was  made  to  separate  large  scale  structures  front  the  turbulence  for  statistical  purposes.  Qualitative  description  of 
flow  patterns  can  be  found  in  Kristoffersen  &  Andersson  ( 1993). 

5.  Flow  parameters:  The  parameters  in  this  (low  are  the  Reynolds  number,  lit ,  —  191,  and  the  rotation  number,  Hot, 
which  varied  from  0  to  0.5. 

6.  Numerical  methods  and  resolution:  The  computational  grid  is  1 28  x  128  x  128,  The  mesh  spacing  is  constant  in 
x  and  r.  at  19  and  9.5  wall  units,  and  is  stretched  in  t/  following  a  tanh-distrilmtion  to  obtain  a  minimum  spacing  of 
.5  wall  units  at  the  grid  point  next  to  the  wall.  Spatial  derivatives  are  discretized  by  a  2nd  order  central-difference 
approximation,  and  the  solution  is  marched  in  time  with  a  second-order  explicit  Adams -Bashforth  scheme. 

7.  Boundary  and  initial  conditions:  Periodic  boundary  conditions  arc  imposed  for  the  r  and  ;  ,  directions,  requiring 
a  forcing  term  corresponding  to  an  imposed  mean  pressure  gradient  in  j- 

< ll>/tl.r  ~  1 

The  equations  are  solved  within  a  computational  domain  of  ;  4,t4  x  24  x  2;r4 

(a)  Domain  si/.c  and  truncations:  I  lie  fotmally  infinite  domain  »n  the  stteatnwisc  (./■)  and  spanwise  (e)  directions  are 
truncated  to  domain  of  -l7r<V  x  24  x  2a  4 

(h)  Boundary  conditions:  No  slip  is  imposed  on  the  walls  and  periodic  conditions  arc  imposed  in  the  streamwise  and 
spanwise  directions. 

(c)  Inlet  or  initial  conditions:  The  simulation  was  started  from  a  random  initial  field  When  the  total  shear  sliess 
was  linear  across  the  channel,  statistically  steady  turbulence  was  assumed.  The  simulation  was  then  continued  lot- 
several  large-eddy  turnover  times,  4/nr.  As  rotation  was  increased,  the  previous  results  were  used  as  the  starting 
field, 

1 

8.  Averaging  procedures  and  resulting  uncertainties:  Though  several  large-eddy  turnover  limes  were  used  for  av¬ 
eraging.  as  mentioned  above,  the  authors  feel  this  may  have  been  only  marginally  adequate  lot  some  cases.  The 
critical  friction  velocities  arc  estimated  to  be  accurate  to  within  V.,  for  all  bin  the  highest  rotation  rale.  A  simulation 
at  zero  rotation  rate  was  performed  which  agreed  well  with  previous,  accepted  simulations. 


9.  Available  variables:  A  variety  of  mean  statistical  data  arc  compiled  for  this  study  including  skin-friction  as  a 
function  of  rotation  rate,  profiles  of  mean  velocity,  Reynolds  stress,  and  turbulent  kinetic  energy,  as  well  as  various 
terms  in  the  Reynolds  stress  transport  budget.  The  individual  quantities  are  defined  in  Andersson  &  Kristoffersen 
(1994). 

Filtered  data  for  direct  use  in  evaluating  LES  is  not  available  for  this  simulation. 

10.  Storage  size  and  data  format;  There  arc  eleven  subdirectories  of  data,  each  with  an  index  file  describing  the 
contents.  These  are  identified  with  corresponding  figures  in  Andersson  &  Kristoffersen  (1994).  All  or  the  files  arc 
ASCII  and  total  about  285kb. 

1 1 .  Contact  person:  Prof.  Helge  Andersson 

Dept.  Appl.  Mech.,  Meeh.  Engr.,  Norwegian  Inst,  of  Tech. 

Trondheim,  Norway 

E-mail:  toncra@tv81.termo.unit.no 
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PCH23:  Fully  Developed  Rotating  Channel  Flow  Experiment 

Nakalmyashi  &  Kitoh 


1.  Description  of  the  flow:  A  small  wind  tunnel  (channel)  was  rotated  at  a  constant  rate  about  an  axis  perpendicular 
to  the  flow  direction  to  generate  a  Coriolis  effect  on  the  channel  llow.  The  resulting  asymmetry  in  the  llow  was 
explored,  including  the  effects  of  Reynolds  mimher  and  rotation  on  the  turbulence.  The  Reynolds  number  range  was 
lower  than  that  of  Johnston  et  al„  and  the  data  (primarily  hot-wire)  are  much  more  detailed  and  extensive. 

2.  Geometry:  Air  was  blown  through  a  channel  rotating  about  an  axis  parallel  to  the  mean  (transverse)  vorlicity  in 
the  channel  llow.  The  channel  was  2,0m  long.  0.010  in  high  and  0.080  m  wide.  Measurements  were  performed  at  a 
station  361  channel  half-heights  from  the  entrance,  where  the  turbulence  was  fully  developed. 

3.  Sketch:  None  needed, 

4.  Flow  characteristics: 

5.  Flow  parameters:  The  Reynolds  mimher  Hci.  ranged  from  850  to  5000  and  rotation  mimher  Ftu  -  AD7U/ij  ranged 
from  0  to  0.0547. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  Because  of  the  very  long  channel,  the  effective  inflow  ami 
outflow  conditions  arc  those  of  fully  developed  channel  How.  keeping  in  mind  the  Reynolds  number  effects. 

7.  Measurement  procedures:  Velocity  and  turbulence  profiles  were  measured  by  hot-wire  anemometry.  A  special 
curve-fitting  technique  is  used  to  tufer  the  wall  shear  stress.  Both  single  and  x-wires  were  employed.  Nol  all  of  the 
following  variables  are  available  for  all  conditions.  F.stimated  uncertainties  are  251  for  mean  velocity  and  5 'X  for 
wall  shear  stress. 

8.  Available  variables:  The  following  data  are  available:  mean  sireatmvise  flow  velocity  profiles,  ,  nonnal  stresses, 
<  nit  >,  <  uy i  >,  turbulent  stress,  <  it/iix  >,  local  wall  shear  stress,  r„  (inferred  from  velocity  measurements) 
and  surface  pressures. 

9.  Sloruge  size  and  data  foriuuf:  The  data  are  stored  in  a  series  of  ascii  files  organized  into  directories  by  the  Reynolds 
number  of  the  run.  For  each  Reynolds  number  there  are  several  liles  for  different  rotation  numbers,  and  for  mean 
and  fluctuation  quantities.  Total  data  size:  85  kbytes 

10.  Contact  person: 


REFERENCES 

NakabayasIII.  K.  &.  KlTOII,  O.  1996  Bow  Reynolds  number  fully  developed  two-dimensional  turbulent  channel  (low 
with  system  rotation.  J,  Fluid  Merit.  315.  i. 


Data  Sheets  for: 

Chapter  6.-  Free  Shear  Flows 


SHLOO:  Single  Stream  Plane,  Incompressible  Turbulent  Mixing  Layer 

Wygnunski  &  Fiedler 


1,  Description  of  the  flow:  Single  stream,  plane  mixing  layer.  One  side  at  rest.  The  boundary  layers  can  Ik  either 
turbulent  (tripp  -<l,  supposed  to  be  fully  developed,  based  on  Log  plot  analysis)  or  laminar  (aspiration  is  used). 

Only  self  preservation  region  results  are  available.  Self  preservation  accepted  from  if,.  ~  3  x  10s. 


2.  Geometry:  Rectangular  exit,  18  cm  x  51  cm  Total  length  available:  80  cm.  Contraction  1:28.  Trailing  edge  with 
tripping  wire. 

3.  Original  sketch 


Plenum 

chamber 


4.  Flow  characteristics:  One  Stream  mixing  layer.  Mean  velocity  12  m/s.  A  =  I 

5.  Flow  parameters:  Mixing  layer;  Spreading  rate  rr(i  '■=  9. 

0.  Inilow/Outllow/lloundary  and  Initial  Conditions:  liec  stream  turbulence  0.1%  in  long,  velocity.  Tripped  bound¬ 
ary  layer. 

7.  Measurement  procedure:  Mean  and  fluctuating  longitudinal  velocities  are  measured.  Hot  Wire  Ancmometry  -  X 
wire.  Linearity  assumed.  Analog  measurements. 

8.  Available  variables:  Mixing  layer  data:  growth  rates,  velocities:  f7/(/.w;  «2;  v‘[  w'J;  ur;  vn'J;  v w'/\ 

uu2;  te1;  tr'i  w1  (+  skewness,  flatness)  Dissipation  terms  ^ ^  I'm  i  1,  2,  3  and  j  =  1,2.  +  Micro  scales. 
Turbulent  kinetic  energy  balance.  One  dimensional  spccua  and  two  point  correlations  (li,,,, :  space  (j  and  y)  and 
time,  lime),  intermiiicncy  functions.  Measurement  locations:  29  to  80  cm. 

9.  Storage  size  and  data  format:  Format  is  ASCII.  Data  are  tabulated  from  printed  forms.  70  Kb.  I'M 

10.  Contact  persons: 

Prof.  H,  Lied  lei 

TIJ  Berlin,  Hermann-  Fbllingcr  lnslitut 
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Strassc  dcs  17  juni  135,  D- 1000  Berlin  12.  Germany. 

Phone:  (49)  30  314  23359 

Fax:  (49)30314  21 101 

E-mail:  hficdlcrte'liobo. pi. TU-horIin.de 

or 

Prof.  I.  Wyt-Mian.sk i 

AME  dept.  Tucson.  AZ  8572 1 ,  USA. 

Phone:  (602)021  6089 

Fax:  (602)621  8191 

E-mail:  wygy  (s'bijidog.cngr.arizona  edu 
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SHL01:  Plane,  Incompressible  Turbulent  Mixing  Layer.  Influence  of  initial 

conditions.  Vel.  ratio  0.6 


Dell  &  Mehta 


1.  Flow  description:  Two  stream,  plane  mixing  layer.  The  boundary  layers  can  be  either  turbulent  (tripped,  fully 
developed,  based  on  shape  factor)  or  laminar.  The  development  of  the  MI.  is  given. 

2.  Geometry:  Rectangular  exit,  36  x  91  cm2.  Total  length  available:  366  cut.  Useful  length:  250  cm.  Splitter  plate 
trailing  edge:  T’  wedge.  Lidge  thickness  0.25  mm. 

3.  Original  Sketch: 


Honeycomb 
and  screens 

2-D  contraction 
Contraction  ratio  3  7.7 

Test 
section 


Wide  angle 
diffusers 

a<t>" 


5000  CFM  blower 
5  HP  motor 


15  000  CFM 
blower 
20  HP  motor 


Side-wait  adjustment  for 
pressure  gradient  control 


All  dimensions  in  cm 


4.  Flow  characteristics:  Two  streams  mixing  layer.  Mean  velocities  15  m/s;  9  m/s.  A  -  0.25 

5.  Flow  parameters:  Boundary  layers:  Laminar  BL:  <5  =  0,4/  0.44mm;  0  -  0.53/0.61,  nun;  H  =  2,52/2.24;  C/= 

0.72/0.91  x  10  ftp  =  525/362.  Turbulent  BL:  =  7. 6/8. 5  mm;  0  =  0.82/0.94  mm;  H  =  1.5/1. 5  ,  Cj  =  5.3/4.86 
xl()“J;  Bn  -  804/567.  Mixing  layer:  Spreading  rates  (from  rrf  function )=  imtrippcd:  0.023;  tripped: 

0.019. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  Free  stream  turbulence  0. 1 5%  in  longitudinal  velocity  and  0.05% 
in  transverse  vel.  Initial  boundary  conditions  arc  either  natural  (probably  prc-irunsitional)  or  tripped  by  means  of 
thin  wires  1 5  cm  upstream  of  the  trailing  edge.  Only  global  BL  parameter  are  given. 

7.  Measurement  procedure:  Hot  Wire  Anemomeiry  -  X  wire.  A/D  measurements  (low  frequency  recording).  Plenum 
chamber  calibration.  Mean  and  fluctuating  velocities  IJ,  V  and  W  arc  measured.  Spanwise  variations  from  40%,  to 
4%,.  depending  on  distance  and  tripping.  Spanwise  averaged. 

8.  Available  variables:  Boundary  Layer  data:  Cj,  />,  0. 

Mixing  layer  data:  f  '/L'A.;*'-’,  i>',  in-,  nr.  ur'. 

Streamwisc  mixing  layer  growth:  Slreamwise  development  of  max.  primary  turbulent  stresses  (ur,  tH,  til;  u>2). 

8  measurement  locations  (cm):  7.8,  16.7.57.3,77.6,  108.1,  128.4.  189.4,250.3 


9.  Storage  size  and  (lata  format:  The  data  are  in  ASCII  formal  70  Kb. 


I'. 


10.  Contact  Person 
Dr.  R.  D.  Mehta 

Fluid  Dynamics  Laboratory,  NASA  Ames  Research  Center 
Moffett  Field,  CA  94 .105.  USA. 

Tel:  (650)  604  4 1 14;  Fax:  (650)  604  4511 
E-mail:  rmehla(‘flmail. arc.nasa.gov 
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SHL02:  Plane,  Incompressible  Turbulent  Mixing  Layer.  Influence  of  Near 

Plate  Wake. 


Mehta 


1.  flow  description:  Two  streams,  plane  mixing  layer.  The  boundary  layers  arc  turbulent  (tripped,  lully  developed, 
based  on  shape  factor).  Depending  on  the  velocity  ratio,  the  wake  of  the  plate  can  be  present.  The  velocity  ratio 
ranges  from  0.5  to  0.9.  The  development  of  the  ML  is  given. 

2.  Geometry:  Rectangular  exit,  36  x  91  cm2.  Total  length  available:  366  cm.  Uselul  length:  250  cm.  Splitter  plate 
trailing  edge:  1"  wedge.  Kdgc  thickness  0.25  mm. 

3.  Original  sketch: 


Honeycomb 
and  screens 

2-D  contraction 
Contraction  ratio  »  7.7 
q\>V 

Test  ^ 

section  XT 


Wide  angle 
diffusers 

/i 


Side-watt  adjustment  for 
pressure  gradient  control 


5QC0  CFM  blower 
5  HP  motor 


15  000  CFM 
blower 
20  HP  motor 


All  dimensions  in  cm 


4.  Flow  characteristics:  Two  streams  mixing  layer.  Mean  velocities:  high  speed  side:  21  m/s.  low  vcl.  Side:  10.5- 
18.9  m/s,  0. 052(5  <  A  <  0.333. 

5.  Flow  parameters:  Boundary  layers:  Tripped  BL  (second  values  correspond  to  the  different  low  speed  side  ac¬ 
cording  to  the  vel.  ratio):  6  =  7.6/8. 5  mm;  0  -  0.96/0.83  0.87  mm;  H  ~  1.5;  C/  =  4, /4. 4-4, 7  xlO  3;  Ro  = 
1,300/686-1,1 14. 

Mixing  layer;  Spreading  rates  dt\.  /tl.X:  from  0.0073  to  0.0318. 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  Free  stream  turbulence 0. 15%  in  longitudinal  velocity  and  0.05% 
in  transverse  vcl.  Initial  boundary  conditions  are  tripped  by  means  of  tliin  wires  15  cm  upstream  of  the  trailing  edge. 
Only  global  BL  parameter  are  given,  The  velocity  ratio  are  0.5,  0.6,  0.7,  0.8,  0.9. 

7.  Measurement  procedure:  Hot  Wire  Ancmomelry  -  X  wire.  A/1)  measurements  (low  frequency  recording).  Plenum 
chamber  calibration. 

Mean  and  fluctuating  velocities:  IJ,  V  and  W  arc  measured  Spanwise  variations  from  40%.  to  4%,  depending  on 
distance  and  tripping.  Sptmwi.se  averaged  data. 
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ti.  Available  variables:  Boundary  Layer  data:  A.  I). 

Mixinc  layer  data:  r*  / 1 ,  rir/Fj.  tEV/t’*  ,  Or /l*. 

Global  parameters:  Mixing  layer  growth.  Slieannvise  development  ol  maximum  primary  stresses  (nr  iij,  r'J). 
Slreamwisc  development  of  velocity  tie  feel:  Variation  of  the  growth  rale  versus  the 

velocity  ratio. 

8  measurement  locations  (cm):  12.  32,  73,  111.  Ml.  205,  236.  267 
NB:  The  triple  products  were  not  given  in  the  original  paper. 

9.  Storage  size  and  data  format:  The  data  arc  in  ASCII  formal.  260  Kh. 

10.  Contact  person:  Dr.  R.  D.  Mehta 

Fluid  Dynamics  Laboratory.  NASA  Ames  Research  Center 
Moffett  Field.  CA  9.1305  100,  USA. 

Phone:  (650)  60-1  'II  M 

Fax:  (650)  MM  45 1 1 

E-mail:  mich(a(<»! mail. arc. nasa.gov 
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SHL03:  Plane,  Incompressible  Turbulent  Mixing  Layer.  Natural  and  Forced. 

Osier  &  Wygnanski 


Flow  description:  Two  streams,  plane  mixing  layer.  Two  different  blowers  are  used.  The  velocity  ratio  ranges  from 
0.3  to  0.6.  Main  results  are  available  at  0.3  and.  mainly.  0.6. 


2.  Geometry:  Rectangular  exit  0.5  x  0.6  m1.  Total  length  available:  2.  in.  Conti  action  1 :7. 3  Splitter  plate  trailing 
edge:  3°  wedge.  F.dge  thickness  (Map)  0.5  nun. 


3.  Original  sketch: 


Adjustable  top 
and  bottom  plates 


7240  mm 


Test  section 
2000  mm  " 


'\/ 

_ 
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4.  Flow  characteristics:  Two  streams  mixing  layci.  Mean  velocity  of  the  high  speed  side:  13.5  m/s.  (low  speed 
adjustable  from  0  to  13.5  m/s).  0.25  <  A  <  0.54 


5.  Flow  parameters:  The  boundary  layers  are  not  examined.  Detailed  data  are  available  at  X  -  100  mm  downstream 
ol'TK  (considered  as  initial  conditions).  Reynolds  number  based  on  velocity  difference  and  momentum  thickness: 
I  O'1. 


6.  inflow,  outflow,  boundary  and  initial  conditions:  Free  stream  turbulence  :  0.2'/i,  Homogeneity  o!  mean  velocity 
better  than  I  %.  Initial  conditions  are  given  at  100  mm  downstream  of  the  Tli. 


7.  Measurement  procedure:  Hot  Wire  Ancmometry  OTA  -  X  wires.  (It)  k S 1/. ) .  Sampling  4kl I/..  Detailed  calibration. 
Measured  quantities:  Mean  and  fluctuating  velocity  U.  Measurement  errors  I 'Ton  II  and  2'/i-  on  V, 


8.  Available  variables:  'Initial  conditions':  for  r  =  ().(>  (X  -  100  mml:  (//AH,  v'/AU.  v'/AU. 
Mixing  layer  data:  Integral  quantities  0\ b\  spreading  rates  for  r  ~  0.3.  .4.  .5,  .6. 

Mixing  layer  velocity  data: 


(a)  r  =  0.3.  0.4,  0.5,  0.6:  U/AI-,  u'/AU  for  .V  r-  20.,  40..  60.,  80.,  100..  120.,  140..  100.  cm.  (add  10  cm  for 
the  3  last  cases). 

(I.)  r  -  0.0:  v'/AU.  uv/AU'  for  ,Y  -  30..  50.,  70,90.,  110..  130.,  150..  170.  cm. 


•W--  »-•  V  '  '  s  .•  >1  •  I, - iSy  I  w,  v»»-  w  ■  %  •  *!-• fl  ^rpi* - 

KD-  "  Kv*-  <  *>  -  ‘  ‘*4  .  -  .'At'  V>  'J*1  ”*  ■  - 1  -  -  *  s“  *- 


‘  ‘ 


NB  Detailed  data  with  trailing  edge  flapping  arc  available'  Mean  and  fluctuating  data  (u',r',ir',ii'r'  and  total 
turbulent  energy)  for  r  =  0.3,  0.4,  0.5,  0.6.  Combination  of  4  frequencies  (30.  40,  50  nncl  50  I Iz)  and  3  amplitudes 
(/'!  =  0.5,  1„  1.5  and  2  mm). 

9.  Storage  size  and  data  format:  The  data  arc  in  ASCII  format  Data  are  tabulated  from  printed  forms.  120  Kb. 

10.  Contact  person:  Prof.  i.  Wygnanski,  AMD  Dept.  Tucson.  A 7. 8572 1 .  USA 
Phone:  (602)621  6089 
Fax:  (602)621  8191 
E-mail:  wygy  (pHrigdog. engr.ariz.ona.edu 
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SHL04:  Plane,  Incompressible  Turbulent  Mixing  Layer.  Vel.  ratio  0.54 


Delville,  Garem  &  Bonnet 


1.  Flow  description:  Two  stream,  plane  mixing  layer.  The  boundary  layers  are  turbulent  (fully  developed,  based  on 
spectra,  Log  plot ,  etc.  analysis).  Development  of  the  ML  is  given 

2.  Geometry:  Rectangular  exit,  30  cm  x  30  cm.  Total  length  available:  1 20  cm.  Useful  X  range  100  cm.  Contraction 
1:16,  Splitter  plate:  lm  long,  3°  wedge  on  50  mm.  Thickness  at  TE:  0.3  mm. 

3.  Original  sketch 


\ 


4.  Flow  Characteristics  Two  stream  mixing  layer.  Mean  velocities  4 1 .54  and  22.40  m/s.  A  -  0.3 

5.  Flow  parameters:  Boundary  layers:  <)  =  9.6/  6.3  mnr,  9  =  1 .0/0.73  mm;  H  =  1.35/1.37;  /?.<?  =  2900/1 200. 

Mixing  layer:  Spreading  rates  equivalent  cr0  =  10.6;  dd^/tb  =  0.05. 

6.  Inflow,  outflow,  boundary  and  initial  conditions: Free  stream  turbulence  level:  0.3  %  in  longitudinal  velocity. 
Tripped  boundary  layers. 

7.  Measurement  procedure:  Hot  Wire  Anemometry-X  wires.  Rakes  (up  to  48  wires).  Non-linearized  calibration 
laws.  Analog  Mean  and  nns  coupled  with  simultaneous  sampling  at  50  kHz. 

Mean  and  fluctuating  velocities  are  measured  for  the  3  components. 

8.  Available  variables:  Boundary  Jayerdula:  (./;  u2 
Mixing  layer  data:  U/Unj\u2;  v2,  w2\  uv 

mi'2',  vw'2;  uw2\  nv2',  u3;  u3;  u>3  (+ skewness,  flatness) 

Dissipation  terms  from  spectra.  Turbulent  kinetic  energy  balance.  Spectra  and  two  point  correlations. 

Single  wire  measurements  at  24  downstream  locations,  from  3  cm  up  to  100  cm. 

Probability  Density  Functions  of  2  components  of  velocity  at  X  =  600  mm.  P.d.f.  of  velocity  differences,  2  compo¬ 
nents.  at  X  =  600  mm,  for  3  reference  positions  (on  the  axis,  in  the  middle  and  outside  of  the  ML).  The  difference 
arc  determined  for  transverse  (y)  separation  and  for  time  separations  (on  the  axis  only). 

9.  Storage  size  and  data  format:  The  data  arc  in  ASCII  format.  17  Mb. 

A  detailed  report  is  included  in  the  present  database  in  Pustcripi  (PDF')  format,  including  drawings  and  discus¬ 
sions. 

Not  provided  here,  but  available,  huge  size  for  raw  data,  see  HRCOFTAC  data  base  (typically  between  20  and 
1 00Mb). 
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10.  Contact  person:  Dr  J.  Delvillc 

I.EA-CF.AT.  University  of  Poitiers,  43  rue  cle  I' Aerodrome.  F-86036  Poitiers  cedes  Prance 
Phone:  (33)  05  49  53  70  57 
Fax:  (33)05  49  53  70  01 
E-mail:  delvillc® univ-poiticrs.fr 
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SHL05:  Time  Developing  Turbulent  Mixing  Layer  Simulations 

Rogers  &  Moser 
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1.  Description  of  the  flow:  The  flow  is  a  fully  turbulent  time-developing  mixing  layer.  Initial  conditions  arc  taken 
from  two  realizations  of  a  parallel  turbulent  boundary  layer.  Three  eases  are  included  that  differ  in  the  details  of 
their  initial  conditions  (see  §7). 

2.  Geometry:  The  time-developing  mixing  layer  is  spatially  homogeneous  in  the  streamwise  and  spanwise  directions 
and  develops  in  an  infinite  domain  in  the  cross-stream  direction,  with  the  layer  thickness  growing  in  time  without 
bound. 


3.  Sketch:  None  needed 

4.  Flow  characteristics:  The  simulated  turbulent  mixing  layers  evolve  through  a  “transition"  period  in  which  the 
boundary  layers  turbulence  provided  as  an  initial  condition  is  changed  to  turbulence  characteristic  of  a  mixing  layer. 
There  is  clear  evidence  (Rogers  &  Moser,  1994)  that  during  this  transition,  the  layer  undergoes  Kelvin-Hclmholtz 
rollup,  though  the  rollers  arc  far  from  two-dimensional  in  some  cases.  As  the  layer  grows,  so  do  the  rollers,  which 
have  been  observed  to  pair,  at  least  locally.  Depending  on  the  case  the  rollers  may  or  may  not  persist  throughout 
the  simulated  development  (sec  Rogers  &  Moser,  1994).  All  except  Case  3  evolve  through  a  period  of  self-similar 
growth  (see  table  5). 

5.  Flow  parameters:  The  only  relevant  parameter  in  this  flow  is  the  Reynolds  number.  Flow  quantities  are  nondi- 
mcnsionalized  by  lire  initial  momentum  thickness  <S",  and  the  velocity  difference  between  the  two-streams  of  the 
mixing  layer  A(/.  In  these  units  the  Reynolds  number  of  all  three  cases  is  800.  The  Reynolds  number  based  on  the 
(evolving)  momentum  thickness  grows  to  be  as  large  as  2420. 

6.  Nuinericul  methods  and  resolution:  The  numerical  method  used  in  these  simulations  is  that  of  Spalart,  Moser 
&  Rogers  (1991).  It  is  a  spectral  method  in  which  the  streamwise  and  spanwise  spatial  variations  are  represented 
using  Fourier  series,  and  the  cross-stream  dependence  is  represented  with  a  mapped  polynomial  expansion  based  on 
Jacobi  polynomials.  The  formally  infinite  cross-stream  (y)  direction  was  mapped  to  the  interval  r;  €  (-1, 1)  hy  the 
mapping  r;  =  tanh(? i/iju).  See  Spalart  el  al  (1991 )  for  details. 

Both  the  mapping  parameter,  ?y(  i,  and  the  number  of  Fourier  and  Jacobi  polynomial  modes  in  the  representation  (A'*, 
A' i,  and  A'2 ,  where  x  and  z  and  the  streamwise  and  cross-stream  dii actions  respectively)  were  varied  through  each 
simulation  as  the  Reynolds  number  increased,  The  variation  is  shown  in  table  6. 

7.  Boundary  and  initial  conditions:  The  formally  infinite  homogeneous  streamwise  and  spanwise  directions  arc 
truncated  to  a  finite  size  and  periodic  boundary  conditions  are  imposed.  The  domain  sizes  are  125(5“,  and  111.25(5“, 
in  the  streamwise  and  spanwise  directions  respectively,  where  i5“,  is  the  initial  momentum  thickness  of  the  layer 
(see  Rogers  &  Moser,  1994).  In  the  cross  stream  direction,  the  conditions  are  that  u(y)  — >  ±1/2A(7  as  y  ->  ±cxj, 
where  u  is  the  streamwise  velocity  component  and  all  other  velocity  components  go  to  zero.  A (/  is  the  free-stream 
velocity  difference. 

The  initial  conditions  for  the  .simulations  were  constructed  using  two  realizations  of  an  incompressible  turbulent 
boundary  layer  computed  by  Spalart  ( 1988).  The  momentum  thickness  Reynolds  number  R.co  of  the  boundary  layer 
was  300,  and  in  the  units  of  the  mixing  layer  siniu!  ‘ions  0  —  |(5„, .  If  the  two  boundary  layer  velocity  vector  fields 
are  written  U)  ( x ,  y,  z)  and  u2(x,  y,  z),  where  0  <  //  <  oo,  -Lrj'l  <  x  <  Lx/'l,  and  the  wall  is  at  y  =  0.  Then  the 
basic  initial  condition  field  u1  (a:,  y,  z)  (for  ease  I )  is  given  by 


u'(:i:,7/,z) 


V  >  0 


(1) 


Kii2(-i,  — ?/,  e)  y  <  0  ' 

where  7v  is  a  reflection  operator  that  changes  the  sign  ol  die  r  and  y  components  of  a  vector,  leaving  the  s  component 


unchanged. 

The  initial  condition  fields  for  eases  2  and  3  (u,:  and  u 1  respectively) e  constructed  from  those  of  ease  1  hy 


z)  l  -2. 


;  ./() 


u\[x,y.  z)  dz 
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Self-Similar  tl /),„/<!  I 

Period 

Case  1  0  105  <  I  <  150  0.014 

Case  2  4  100  <  t  <  150  0.014 

Case  3  19  (80  <  /  <  125)  (0.017) 


Table  1;  Case  information  for  the  mixing  layer  simulations.  Initial  condition  parameter  7  is  defined  in  §7.  The  growth 
rate  dti,„/dt  is  for  the  self  similar  period.  In  Case  3,  there  is  no  convincing  self-similar  period,  the  growth  rate  and  period 
shown  arc  for  an  approximate  similarity  period  as  discussed  in  Rogers  &  Moser  (1994). 


Time 

At 

X 

a. 

X 

AT 

J/u 

Case  1 

0-34.9 

25G 

X 

120 

X 

128 

4.0 

34.9-87.3 

532 

X 

180 

X 

128 

4.0 

87,3-104.2 

512 

X 

120 

X 

192 

4.0 

104.2-150.0 

512 

X 

180 

X 

192 

6.0 

150.0-187.5 

512 

X 

210 

X 

192 

6.0 

187.5-250.0 

381 

X 

180 

X 

128 

8.0 

Case  2 

0-77,9 

25f> 

X 

120 

X 

128 

4.0 

77.9- 1  50.0 

25G 

X 

180 

X 

128 

6.0 

Case  3 

0-17.3 

25G 

X 

120 

X 

128 

4.0 

P.3-85.4 

38-1 

X 

120 

X 

128 

6.0 

85.4-175.0 

384 

X 

ICO 

X 

128 

8.0 

175.0-250.0 

384 

X 

220 

X 

128 

1 1.0 

Table.  2:  Specification  of  numerical  parameters  for  time  developing  turbulent  mixing  layer  simulations  from  Rogers  & 
Moser  (1 994), 


ui(r >?/,”)  -  J  Uy(x,.t/,  a)  </; 

u  {(r,y,z)  -  ir!(j-,t/,e) 

where  7;  =  4  and  19  for  j  -  2  and  3  respectively.  The  initial  condition  fields  provider!  with  this  data  !  axe  include 
boundary  layer  realizations  similar  to  those  used  lor  initial  conditions  here. 

8.  Averaging  procedures  and  uncertainties:  All  the  data  provided  from  these  simulations  is  obtained  hy  computing 
the  appropriate  quantities  from  the  simulated  velocity  fields  and  averaging  in  the  homogeneous  spatial  directions  r 
and  z.  There  are  three  sources  of  uncertainty  in  this  datn.  First  arc  the  numerical  discretization  errors  introduced 
in  the  numerical  simulations.  The  simulations  were  done  with  great  tare  to  ensure  that  the  discretization  errors  arc 
negligible  (Rogers  &  Moser,  1994). 

The  second  source  of  uncertainly  is  statistical,  which  arises  from  computing  the  averages  over  a  finite  domain  size 
for  a  single  realization.  An  estimate  of  the  magnitude  of  this  error  can  he  obtained  by  realizing  that  the  ideal  profiles 
will  he  either  even  or  odd  in  ;/.  depending  on  the  quantity.  Departure  from  this  ideal  behavior  provides  an  estimate 
of  the  error.  In  particular,  if  the  profile  of  a  quantity  y  should  he  even  (for  example),  then  the  magnitude  of  the  odd 
part  {{q(y)  -  r/(-  y))/ 2)  relative  to  the  even  part  ((<•;(?/)  +  q{y))/2)  is  an  estimate  of  the  relative  error  due  lu  limited 
statistical  sampling.  Such  estimates  can  he  computed  from  the  data  provided.  Also,  if  the  measured  quantities  are 
considered  to  represent  the  evolution  or  this  particular  flow,  wiih  these  particular  initial  conditions,  then  there  is 
no  statistical  error.  However,  it  is  not  clear  how  comparisons  to  LES  can  he  made  in  (his  sense,  since  I ,F„S  is  only 
expected  to  he  valid  statistically. 

The  third  source  of  uncertainty  is  due  to  the.  finite  domain  size  of The  numerical  simulation  However,  if  an  I. F.S  is 
done  in  the  same  domain  with  the  same  periodic  boundary  conditions,  then  a  comparison  can  he  made  without  error 
due  to  the  domain  size. 

9.  Available  variables:  For  each  of  the  three  eases,  data  is  provided  at  several  limes  through  the  evolution  or  the  (low, 
as  indicated  in  table  I  Given  arc  the  mean  velocity  0'( i/),  the  velocity  variances  (i/T  ,  u1 ),  and  the  Reynolds 
stress  titi. 


In  addition  to  this  data  at  discrete  limes,  the  time  evolution  of  the  momentum  and  vortieity  thickness  is  provided 


10.  Storage  size  arid  data  format:  The  data  is  in  ASCII  tiles,  organized  into  directorcs  according  to  initial  conditions. 
Total  data  size:  approximately  1  Mbyte  of  total  storage. 

1 1 .  Contact  person: 

Michael  M.  Rogers 

NASA  Ames-Rescareh  Center,  Moliell  Field,  CA  940115,  USA 
Phone:  (4l5)-604-4732 
E-mail:  mrogcrs@nas.nasa.gov 
or 

Robert  U.  Moser 

Dept.  Theoretical  and  Applied  Mechanics.  University  of  Illinois 
104  S.  Wright  St.,  Urbana,  1L  61801  USA 
Phone:  (217)-244-7728 
E-mail:  r-moser@uiuc.edu. 
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SHL06:  Plane,  Incompressible  Turbulent  Mixing  Layer.  Influence  of  External 

rI\irbulence. 

Tavoularis  &  Cnrrsin 


1 .  Flow  di!Scri]>lioii:  Two-stream.  plane  mixing  Inver.  The  mixing  layer  develops  wiiliin  a  significant  uirhulcncc  level. 
The  developmeni  of  the  ML  is  given. 

2.  Geometry:  Square  lest  section,  30.5  x  30.5  cm5.  Total  length  available:  330  cm.  Contraction  9:1  before  the 
channels  and  turlnilence  generators.  Patch  of  the  two  streams  originated  at  the  outlets  of  live  parallel  channels, 
equipped  with  line-mesh  screens  at  their  upstream  ends  and  turbulence  enhancing  rods  at  their  downstream  ends. 
The  solidities  and  numbers  of  the  screens  were  adjusted  to  produce  the  desired  mean  velocity  ratio. 

3.  Original  sketch 


4.  Flow  characteristics:  Two-stream  mixing  layer.  Mean  velocities  It)  m/s;  21.4  m/s,  A  =  0.30.  The  Mow  outside  the 
mixing  layer  resembled  grid-gcncialed  turbulence,  with  near  zero  shear  stress  and  neatly  equal,  decaying  normal 
stresses.  Although  integral  length  scales  in  the  “grid  turbulence"  regions  have  not  being  reported,  one  may  roughly 
estimate  their  initial  values  by  hall  the  channel  size  ( 15  mm,. 

5.  Flow  parameters:  Reynolds  number  based  on  vorticily  thickness:  from  45  to  83  ] {>' .  Mixing  layer  spreading  rale: 
a  -  32. 

6.  inflow,  outflow,  boundary  and  initial  conditions:  Typical  turbulence  levels:  4','v  of  local  mean  velocity,  isotropic 
(resp.  2.5  %  and  5  %  in  term  ofcnnv.  vel.  15.7  m/s). 

7.  Measurement  procedure:  Hot  Wire  Ancmomeiry  CTA.  5/un-  single  ami  X  wires.  Two  single  wires  lor  space 
correlations  with  0.1  mm  accuracy  in  space.  No  information  on  calihialinn  procedure.  Measured  quantities.  Mean 
velocities  U.  Turbulent  data:  2  components.  Space  correlations  lor  3  directions 

8.  Available  variables:  Near  the  origin  (no  splitter  plate),  x  =  30  cm:  U  (m/s).  \i'/( ,  v'/l uV/t/T'. 

Mixing  layer  development.  L’/A( '.  »'/AN.  o'/Af,  t77’/A/,J 

1  hree  detailed  measurement  locations  (cm)  70.2  (2.5  h);  1 22  (-1 ),  1 08(5.5 ) 

Autocorrelations  (or  some  y  locations  (axis  inlnmcd.  and  edge)  lot  x  —  7(i  cm.  longitudinal,  transverse  and  shear 
stress  components. 

Two  point  correlations:  I'm  some  y  locations  (axis,  imerined.  and  edge)  for  x  -  70  cm.  longitudinal,  ti.insversc  and 
shear  stress  components,  with  separations  in  x.  v  and  z  directions. 


m 
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9.  Storage*  size  and  data  format:  The  data  arc  in  ASCII  format.  40  Kh. 

10.  Contuct  person:  Prof.  S,  Tavoularis 

Dcpai  lniciU  of  Mechanical  Engineering.  University  of  Ottawa.  770  King  Edward  Avenue 
Otluw  i,  Ontario  K I N  6N5,  Canada. 

Phone:  (613)  5625800  ext.  6271 
Fax:  (613)562  5177 
E-mail:  tavCa’eng.uottawa.ea 
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SHL10:  No-shear  Turbulence  Mixing.  (Vel.  ratio  1.) 


Vceravalli  &  Warhaft 


1,  Mow  description:  Mixing  between  two  turbulent  streams  of  same  velocity  but  different  characteristics.  The  How 
is  created  by  two  sets  of  grids  (or  perforated  plates)  with  same  solidity  hut  different  spacings.  The  mixing  layer 
develops  within  a  significant  turbulence  level  (0. 1  'X  to  29J ).  The  development  of  the  Ml.  is  given. 

2  Geometry:  Square  test  section.  '10.fi  x  40.6  cm2.  Total  length  available:  425  cm  (Useful  length:  253  or  168  cm). 
Three  grids  or  perforated  plates:  3.3:1 ;  83):  1  and  3:1  (solidity  0.3).  No  splitter  plate. 

3.  Original  sketch: 


>  (m) 


4.  Mow  Characteristics  'Turbulence'  mixing  layer.  Mean  velocity  6  m/s 

5.  Flow  parameters:  Three  sets  of  turbulence  data  are  available.  Reynolds  numbers:  mean  (Grids  size):  from  1744  to 
15  539;  Turbulence  (Taylor  microscale):  from  1 8  to  96.5 

6.  iuiiow,  outflow,  boundary  and  initiai  conditions:  Turbulence  levels  fioin  0.191  to  29’ 

7.  Measurement  procedure:  Hot  Wire  Anemometry  CTA,  3/nn-  X  wires.  Sampling  45  kHz'.  Measuied  quantities: 
Mean  velocities  U.  Turbulent  data:  3  components.  The  homogeneity  is  better  than  5'i  (average  2  5< )  outside  of  the 
ML. 

8.  Available  variables: 

Global  blow  parameters  are  given  at  the  first  downstream  location:  Am.  integral  lengths,  R,  numbers  etc.  Decay 
rates  and  evolution  ol  half  width  thickness.  Involution  ol  (lie  integial  time  scales  Mean  velocity  profiles,  Produc- 
tion/di.  nation  ratio.  RMS  of  the  three  velocity  components  fin  3  downstream  locations  Observations  on  approx,  fit) 
cm  (of  order  of  50  meshes).  I  ligher  orders  moments  (3  and  4)  for  the  three  velocity  components  and  three  locations 

9.  Storage  size  and  data  format:  The  data  are  in  ASCII  format.  Data  arc  tabulated  Irom  printed  forms,  fit)  Kb. 
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10.  Contact  person:  Prof.  Z.  Warhafl 

Cornell  Univ.,  Sibley  School  of  Mech.  Engg.,  244  Upson  Hall 
Ithaca.  NY  14853-7501  USA. 

Phone:  (607)255  3898 
Fax:  (607)255  1222 
E-mail:  zwl6@eomell.cclu 
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SHL20:  Supersonic  Plane  Turbulent  Mixing  Layer,  M(.  =  0.62 

Barrc,  Quine,  Mcnaa  &  Dussaugc 


1.  Flow  description:  Two  stream  supersonic/subsonic,  plane  mixing  layer.  The  boundary  layer  in  the  supersonic 
stream  is  turbulent  (fully  developed,  based  on  spectra.  I, op  plot .  etc.  analysis).  Development  of  the  Ml.  is  given. 

Two  sc.t  of  data  are  provided.  They  correspond  to  two  slight  different  arrangements  of  a  wind  tunnel.  The  results 
obtained  for  the  common  data  are  comparable  hut  not  exactly  identical.  The  data  provided  are  complementary.  The 
user  then  should  consider  the  two  sets  of  results  as  independent  Hows,  unless  some  averaging  process  (not  provided 
by  the  authors)  can  be  used  to  collapse  the  data. 

2.  Geometry:  Rectangular  exit,  IScmx  14  cm. 

Thickness  at  TE:  2:  0. 1  mm. 

3.  Original  sketch: 


4.  Flow  characteristics:  Two  stream  mixing  layer,  one  side  supersonic,  the  other  subsonic.  Maeli  numbers,  supersonic 
side:  1.79;  Subsonic  side:  0.3.  Convective  Mach  Number:  0.62 

5.  Flow  parameters:  I,ow  pressure  settling  chamber  (  tl.fi  x  ltlrTVi)  Turbulent  boundary  layer  in  the  supersonic 
stream:  3  =  S).7mm;  0  -  .78rnm;  C/  =  2.02  x  10  :l;  It„  —  l.T>7  x  ltl1.  (Very  thin  boundary  layer  on  the  subsonic 
side,  typically  less  than  I  mm) 

6.  Inflow,  outflow,  boundary  and  initial  conditions:  Free  stream  turbulence  level,  supersonic  side  <"'„/(( '  1  -  U>)  ~ 
0.3%.  subsonic  side  ax ,/{V\  -  Vi)  -  IVi 

7.  Measurement  procedure:  Pilot  tube,  temperature  probe  Constant  Current  Ancmnmctry,  single  wire.  Mode  separa¬ 
tion  through  Markov  in's  (195(0  fluctuation  diagram  ( M  overheat  ratios).  Measured  tpiamiiicx:  Mean  and  fluctuating 
longitudinal  velocities.  1111  component  through  mean  momentum  balance  The  turbulent  heal  llux  is  also  provided 
through  the  integration  of  the  mean  total  enthalpy  equation.  Temperature  fluctuations  ant  vclocily/lemperauire  cor¬ 
relations. 

8.  Available  variables:  Boundary  layer  data,  5  mm  upstream  of  the  TE  in  the  supersonic  side  and  Mixing  luyci  data  : 
Mean  values,  (dimension'll  data)  P/ ( ’,  />,  )>u.  Re.  Enliopy,  Viscosity. 

Fluctuations:  (dimensionless  data)  'J'l/Tr.  (pu)'~  /(pit ):  1  V  '-'/f  *.  7  l  \  H„r\  /mV  (indirect)  The 
Strong  Reynolds  Analogy  (Moikuvin  1962)  ((';  -  1 )  M '  (»'/(•’ ))/[  !  '/ 1  )  is  also  tested 
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Measurement  locations:  -5;  1 ;  8;  16;  32;  64 ;  80;  100;  120;  140;  160;  180;  200  mm. 
N.B.Two-poinl  statistics  will  be  available  under  request  to  ihe  eontqct  person. 

0.  Storage  size  and  data  format:  The  data  are  in  ASCII  format.  180  Kb. 

10.  Contact  person:  Dr.  J.P.  Dussauge 

IRPHE,  12  av,  General  Lcclcrc,  F- 1.3003  Marseille  France 

Phone;  (33)04  01  50  54  39 

Fax:  04  91  41  96  20 

E-mail:  dussaugeCn’marius, univ-nirs.fr 
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quys  lnlernalionauxdu  CNRS  108. 
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SHL21:  Supersonic/Subsonic  Plane  Turbulent  Mixing  Layer.  Mr  =  0.51-0.86 

Samiiny  &  Iilliott 


1.  Flow  description:  Two  stream  supcrsonic/suhsonic,  plane  mixing  layer.  The  boundary  layer  in  the  supersonic 
stream  is  turbulent  (fully  developed,  based  on  spectra,  Lop  plot  ,  etc.  analysis).  Development  of  the  Ml.  is  given. 

2.  Geometry:  Rectangular  exit,  15  cm  x  15  cm. 

Thickness  at  TFi:  ~  0.5  mm. 

3.  Original  sketch: 


M,.  U, 


4.  Flow  churueterislies:  Two  stream  mixing  layer,  one  side  supersonic,  the  other  subsonic.  Mach  numbers,  supersonic 
side:  1.8;  2.;  3.  Subsonic  side:  0.45.  Convective  Mach  Number:  0.51 ;  0.64;  0.86 

5.  Flow  parameters:  High  pressure  settling  chamber  (  '2.0.5  x  10r'  Pa).  Tuihuleiu  boundary  layers  in  the  supersonic 

stream  (Mach  3;  A/,.  —  0.80):  (5  -  9,2 win:  II  -  0.75mm:  Ho  —  ‘1.0  x  It)1,  (Mach  1.8.  A/,.  0.5-1):  A  = 

8 mm:  0  0.5;  Ho  --  '2.J5  x  It)1. 

The  houndary  layers  in  the  suhsonie  stream  are  very  thin  (typically  less  than  Imm  ,. 

0.  Inflow,  outflow,  boundary  and  initial  conditions:  Free  stream  turbulence  level:  supersonic  side  a ,,/[(' \  -■  i'v)  < 
1%,  subsonic  side  cru/(V\  -  V?)  <  0.5%. 

7.  Measurement  procedure:  21)  L.DV  2048  samples.  Measured  i|uantilies:  Mean  and  fluctuating  velocities  U  and  V. 

8.  Available  variables:  Boundary  layer  data,  supersonic  side  for  A/,  -  0.51  and  0,86.  Mixing  layer  data:  V() ;  Vu  i ; 
Vii. o'.  Temperature.;  Mach,  Reynolds.  A;  <5„,;  a:  etc.,. 

U/UK,  u'J;  v~\  mr;  i/M;  flu/c:  firm;  u:<;  ti'1;  r1;  (metric  and  non-diniensionali/ed). 

Measurement  local  ions:  60;  1 20,  I  50;  1 80;  2 1 0  mm.  for  A/,  -  0.5 1 .  X-  1 20;  150;  165;  180  mm  for  A/,-  =  0.64.  X- 
180;  2 10;  250  mm  for  A/,.  =  0.86. 

9.  Storage  size  and  data  format:  The  data  are  in  ASCII  formal  80  Kb 

10.  Contact  person:  Prof.  M.  Sanrmiy 

Dept  Mech  Hngg.,  The  Ohio  Slate  Univ,  206  West  IKlIiav. 

Columbus,  OH  43210-1  107,  USA 
Phone:  (614)292.6988 
Fax:  (614)292  3163 
H-muil:  samimy.  I  („  osu.edu 
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SHL22:  Supersonic  Plane  Turbulent  Mixing  Layer,  M,.  =  0.525-1.04 

Bonnet,  Baric  &  Dcbisschop 


1.  Flow  description:  Twn-sircam  supcrsoniv/subsonic.  plane  mixing  layer.  The  boundary  layer  in  the  supersonic 
stream  is  turbulent  (fully  developed,  based  on  .spectra.  Lot:  plot .  etc.  analysis).  Development  of  the  ML  is  given. 
N.B  A  full  sc i  of  experiments  arc  obtained  at  convective  Mach  number  1 .0-1.  with  a  pressure  drop,  sec  last  reference. 
Data  not  provided  here  but  available  upon  request. 

2.  Geometry:  Rectangular  exit,  IS  cm  x  IS  cm  Total  length  available:  SO  cm. 

Splitter  plate:  80  cm  long.  5°  .  thickness  at  Tli:  ~  0.2  mm. 

3.  Original  sketch: 


Sonic  throat 

l£3=. 


Supersonic  nozzle 


Settling  chamber 


Supersonic  side  (l) 


Subsonic  side  (2) 


4.  Flow  characteristics:  Two  stream  mixing  laver.  one  side  supersonic,  the  other  subsonic.  Mach  numbers,  supersonic 
side:  1.48;  1.65:  1.76:  2.;  3.2.  Subsonic  side: 

0.2-0.4  Convective  Mach  Numbers'  0.S2S:  0.535:0.58:0.64;  1.04 

5.  Fiow  parameters:  Hieli  pressure  settling  chamber  (  -I  x  1  ()r>  to  1 2  x  i0r7’ri).  Turbulent  boundary  layers  in  the 
supersonic  strenin'  <5  =.■  12 mm;  0  —  .97:  .90:  96:  .70:  .00, urn:  fl/i  —  O.K;  8. 01:  8  01;  0.8:  0..3  x  It)1.  The 
boundary  layers  in  the  subsonic  side  arc  very  thin  (typically  less  than  limn). 

Mixing  layc ■  ‘-'oreading  rates  depends  on  convective  Mach  number. 

6.  Inflow,  outh'ow  boundary  and  initial  conditions:  Free  stream  turbulence  level:  supersonic  and  subsonic  sides 
~  0.-l/(f 7,  - 

7.  Measurement  procedure:  Laser  Doppler  veloeimelry:  ONF.RA  System  and  Aeromctries  system  SiOj  seeding. 
Measured  quantities:  Mean  and  fluctuating  velocities  (2  components).  Measurement  errors  are  estimated  to  1  %  in 
mean  and  4  %  in  rim. 

8.  Available  variables:  Boundary  layer  data,  supersonic  side  fm  M  =  3  (A/,.  =-  i.OI):  it-;  r2;  VT. 

Mixing  layer  data:  1  r) ;  ini;  In  n:  Temperature.  Maeli.  Reynolds.  A.  t)_. :  <5sianr..r.i  ■  o .  etc  .. 

IJ ,  n2;  v2 .  fir;  nr1;  ur2;  i /■';  t"1;  (+  skewness,  flatness) 

Measure mcnl  locations  2.  It):  70;  125:  1 50:  !  80.  210:  2-10.  263;  295:  320  mm 

9.  Storage  size  and  data  format:  The  data  is  in  ASCII  format.  300  Kb. 

10  Contact  persons:  Dr  J .1  ’.  Bonnet 

LLA-CLAT,  University  oT  Poitiers.  43  rue  de  L  Aerodrome.  1-86036  Poitiers  cedes  Prance 
Phone:  (33)05  49  53  70  31 
Fax:  (33)05  49  53  70  01 
L mail:  bonne) (n  univ-poitiers.fr 


r. iV //M*  -  -  A  Jj, 


i  wr*-  w  --  -m 


ft*  ■’S. 


r>,  ,  •  “IP*' 


Dr  S.  Bane 

LEA-CEAT,  University  of  Poitiers,  43  rue  de  i’  Aerodrome,  F-86036  Poitiers  ecdcx  Franec 
Phone:  (33)  05  49  53  70  05 
Fax:  (33)  05  49  53  7001 
E-mail  harre@univ-poitiers.fr 
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SHI, 30:  Round  turbulent  jet 

Hussein.  Cupp  &  George 


1.  Description  of  the  How:  Axisymnietric  jet  discharging  from  ;i  circular  orifice  inio  a  large  room  wilh  stagnant  air. 
Only  the  self-preserving  far-ficld  is  of  inlercst  here. 


Figure  i:  Flow  configuration 


2.  Geometry:  The  only  geometrical  parameter  of  interest  in  the  ease  of  an  axisymmelric  jet  issuing  into  nominally 
infinite  surroundings  is  ihc  exit  diameter  D  —  1  inch  (=  2  I  cm). 

In  realily,  the  room  into  which  the  jel  discharges  is  of  finite  si/e  bin  the  enclosure  was  kepi  large  and  designed  to 
minimize  the  baekllow  momentum  (Fig.  2).  Il  should  he  noted  that  the  jel  does  nol  issue  fiom  an  ciriliee  in  the  wall 
hut  the  exit  is  ,34  ft  from  the  end  wall.  The  enclosure  has  a  l(i  x  1(>  Il  cross-section  and  is  82  ft  long. 

3.  Original  sketch 


Figure  2:  I.ayoul  of  jel  facility  (dimensions  in  (eel) 


4  Flow  characteristics:  After  an  initial  development  region,  the  How  develops  self-preserving  behaviour:  the  jet 
spreads  linearly  with  :r.  i.c 


f/r i /i/dj  ■  const  - 
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where  ri/2  is  the  jet  half- width  defined  in  Fig.  1 ,  and  the  velocity  on  the  centre-line  Uc  decays  as 


(U0/Uc)  =  ~(x/D~xu/D)  (here  Bu  =5.8) 

where  a:(,  is  the  virtual  origin  of  the  jet  (here  ,r0 / D  sa  4).  In  the  self-preserving  region,  lateral  profiles  of  all 
quantities  at  various  x  collapse  when  made  dimensionless  with  the  local  centre-line  velocity  Uc  and  the  downstream 
distance  from  the  virtual  origin,  a:  -  a.'0,  or  alternatively  the  local  jet  half- width  r\/2.  Hence,  only  similarity  profiles, 
the  spreading  rate  dr^-t/dx  and  the  decay  constant  Bu  need  to  be  given  to  define  the  jet  behaviour  in  the  self- 
preserving  region.  The  mean  velocity  U  was  found  to  be  self-similar  for  x/D  >  30;  profiles  of  the  turbulence 
quantities  measured  a(  x/D  -  70  and  100  were  found  to  be  sell -similar  (measurements  at  x/D  =  70  are  presented). 

5.  Flow  parameters:  The  Reynolds  number  based  on  the  exit  velocity  Uu  and  the  exit  diameter  D  is  Re  =  UqD/v  = 
9.55  x  10'1.  The  exit  velocity  is  Uq  =  56.2  m/s  and  the  turbulence  level  in  the  exit  llow  is  0.58%. 

fi.  Inflow/Outllow/Boundary  and  Initial  Conditions:  The  mean  velocity  anti  turbulence  intensity  across  the  jet  exit 
was  measured  with  a  hot-wire  probe.  The  boundary  layer  at  the  jet  lip  was  laminar  with  a  thickness  -  0.7  mm 
so  that  the  exit  profile  was  near  top  hat.  The  momentum  flux  in  the  self-preserving  portion  of  the  jet  is  85%  of  the 
momentum  (lux  at  the  exit. 

In  any  case,  the  self-preserving  slate  of  the  jet  should  he  independent  of  the  inflow  conditions. 

7.  Measurement  procedures:  Velocity  measurements  were  carried  out  with  stationary  hot-wires,  flying  hot-wire  and 
a  hurst-mode  Lasor-Doppler  anemometer  (LDA).  The  hot-wire-anemometer  voltages  were  digitized  and  processed 
on  a  computer.  The  stationary  hot-wire  has  limitations  in  this  flow  since  the  local  turbulence  intensity  ranges  from 
30%  at  the  centre-line  to  a  value  above  100%  towards  the  edge.  The  flying  hot-wire  is  moved  with  a  velocity  of 
7.5  m/s  so  that  the  effective  turbulence  intensity  seen  by  the  wire  is  less  than  12%  at  all  locations.  A  two-channel 
LDA  was  used  working  in  the  back-scalier  mode  with  frequency  shift.  The  signals  were  processed  with  a  counter 
using  the  resident  lime  weighting  technique.  The  results  obtained  with  the  flying  hot-wire  and  the  LDA  are  very 
similar  but  distinctly  different  from  those  obtained  with  a  stationary  hot-wire.  Because  of  the  problems  of  stationary 
hot-wires  in  higli-intcnsily  Hows,  only  the  former  results  will  be  included  here.  The  quantities  measured  arc  the 
mean  velocity,  the  Reynolds-stress  components,  the  triple  correlations  (second-order  moments)  and  the  dissipation 
rale  on  the  assumption  of  the  turbulence  being  locally  uxisymmetric.  Balances  of  the  turbulent  kinetic  energy  and  of 
the  individual  Reynolds-stress  components  were  construe  led  from  these  measurements. 

No  explicit  information  is  given  on  the  measurement  errors  and  uncertainties  for  the  various  quantities.  The  mea¬ 
sured  shear-stress  distribution  agrees  well  with  the  distribution  calculated  from  the  mean  velocity  and  fife  spreading 
rate,  giving  confidence  in  the  measurements  of  the  second  moments.  The  stresses  are  generally  higher  than  measured 
previously  with  stationary  hot-wires  and  in  die  outer  region  they  are  also  higher  than  the  measurements  obtained  by 
Panehapakcsan  anti  Lumley  (1993)  with  a  moving  hot-wire,  but  in  a  jet  whose  Reynolds  number  was  smaller  by  a 
factor  of  It).  There  are  some  uncertainties  about  the  measurements  of  the  dissipation  rale  leading  to  a  fairly  large 
pressure-diffusion  term  near  the  axis  so  that  the  balances  presented  are  considered  less  reliable  and  are  not  included 
in  the  data  provided.  They  can  be  obtained  from  the  original  paper. 

8.  Available  variables:  Spreading  rate  drt/-,/dx  =  0.091,  decay  constant  for  ccntre-linc  velocity  Bu  —  5.8,  similarity 

profiles  in  analytical  form  of  U/Uc,  u'~  /U,.,  va>/i /Dc,  / Uc ,  u'v'/Uc  versus ;/  =  y/(x  -  xq) 

9.  Storage  size  and  data  format:  Formal  is  ASCII. 

10.  Contact  person:  Prof.  W.K.  George 

University  of  Buffalo,  SUNY,  339  Engg  East,  14260  Buffalo,  NY,  USA 
L-mail:  trlbill@eng.buffalo.edu 


REFERENCES 

HUSSEIN,  H  '  .  C'app,  S.P.  and  GEORGE,  W.K.  1994  Velocity  measurements  in  a  high-Reynolds-mimber, momentum- 
conserving,  a.\isymnielric,  turbulent  jet. ./.  Fluid  Mech.  258,  31-75. 

Panohapakesan.  N.R.  and  Lumley.  J.L.  1993  Turbulence  measurements  in  axisymmetric  jets  of  air  and  helium.  Pan 
1.  Air  jet../.  Fluid  Mech.  246.  197-223. 


SHL31:  Plane  turbulent  jel 

Gutntark  &  Wygnanski 


I ,  Flow  description  with  sketch:  Two-dimensional  plane  jet  dischargingfroin  a  rectangular  orifice  (slot)  into  stagnant 
ambient.  Only  the  self-preserving  far-fiekl  is  of  interest  here. 


2.  Geometry:  The  only  geometrical  parameter  of  interest  in  the  case  of  a  2D  plane  jet  issuing  into  nominally  infinite 
surroundings  is  the  slot  width  which  was  l)  =  1.2  cm. 

However,  the  finite  size  of  the  room  into  which  the  jet  discharges  may  influence  the  jet  development  and  hence 
information  on  the  size  of  this  room  is  given  in  Fig.  ?.  The  oriliee  was  1.3  cm  wide  and  50  cm  long  The  jet 
developed  between  two  walls  of  2(10  x  20(1  cm  size  forming  top  and  bottom,  and  screens  were  installed  to  eliminate 
most  room  draughts. 

3.  Original  sketch 


Figure  2:  Schematic  diagram  of  experimental  apparatus 


4.  How  characteristics:  After  an  initial  development  region,  the  flow  develops  self- preserving  behaviour:  the  jet 
spreads  linearly  with  .r.  i.e 


di/i/->/<l.r  —const  —  0.1. 


where  is  the  jcl  hall-width  defined  in  Pig.  1,  and  the  velocity  on  the  centre-line  Ur  decays  us 

(Uo/l’rf  =  ~  x" (h,:rc  A«  =  S-32) 

/1 1 1 

where  :r„  is  tlie  virtual  origin  of  the  jet  (here  Xu/I)  «  3).  In  the  self-preserving  region,  lateral  profiles  of  all 
quantities  at  various  x  collapse  when  made  dimensionless  with  the  local  ccnlic-linc  velocity  l  '■  and  the  downstream 
distance  from  the  virtual  origin,  a-  —  a\ i,  or  alternatively  llic.  local  jet  half-width  // 1  /a .  Hence,  only  similarity  profiles, 
the  spreading  rale  ,/•_>/(/..'  and  the  decay  constant  .4,,  need  to  be  given  to  define  the  jcl  behaviour  in  the  self 
preserving  region.  The  authors  state  that  the  flow  was  found  to  he  sell-preserving  beyond  x/D  >  40,  but  some  of 
the  profiles  of  turbulence  quantities  indicate  that  self-preservation  occurred  only  beyond  x/ D  ~  100. 

5.  Flow  parameters:  The  Reynolds  number  based  on  the  exit  velocity  Un  and  slot  width  I)  is  Hr  —■  Uq D/u  =  13  x  It)1. 
The  turbulence  level  in  the  exit  flow  is  0.2%. 

6.  Infiow/Outflow/Ifoundary  and  initial  Conditions:  The  jet  exits  from  a  slol  in  the  wall.  Detailed  measurements 
are  not  provided  at  the  jcl  exit.  A  top-hat  velocity  profile  was  aimed  at  by  using  a  strong  noz/.le  contraction.  That 
this  was  nearly  achieved  is  indicated  hy  the  fact  that  the  momentum  flux  in  the  jcl  is  X9%  of  the  momentum  flux  til 
the  exit,  assuming  a  top- hat  profile. 

hi  any  case,  the  self  preserving  state  of  the  jet  should  he  independent  of  the  inflow  conditions, 

7.  Measurement  procedures:  The  mean  velocity  profile  was  measured  with  a  Pitot  tube  and  a  single  hot-wire  probe. 
The  latter  was  also  used  to  measure  the  longitudinal  fluctuations  wliiie  the  other  two  fluctuating  components  were 
measured  with  x- wires  and  single  inclined  wires  (constant  temperature  anemometer  with  linear izers).  Further  quan¬ 
tities  measured  are  tire  inlermillency  luetor,  the  Reynolds  stresses  with  averaging  performed  only  over  the  turbulent 
zones,  two-point  velocity  correlations,  dissipation  terms  and  microscales,  triple  correlations,  The  turbulent  kinetic 
energy  balance  was  constructed  hy  assuming  local  isotropy  for  determining  the  viscous  dissipation. 

No  direct  information  is  given  on  tire  measurement  errors.  However,  the  measured  shcur-sucss  distribution  agrees 
fairly  well  with  the  distribution  calculated  from  the  mean -velocity  profile  and  the  spreading  rate,  giving  some  con 
fidcncc  in  the  measurements  of  the  second  moments  The  normal  stresses  are  in  reasonable  agreement  with  the 
measurements  of  Heskesiad  ( 1 965),  and  for  the  v-  and  w-eomponents  ibis  is  true  also  for  other  measurements  re¬ 
viewed  in  Kodi  (1975),  but  the  latter  show  up  to  20%  smaller  values  for  i/-’1^/!/,..  Hence,  strangely,  there  is  some 
uncertainty  about  ibis  quantity.  There  are  even  greater  uncertainties  about  the  measurements  of  higher  moments  and 
the  terms  in  the  kinetic  energy  balance  so  that  these  are  not  included  in  the  data  provided.  They  can  be  obtained 
from  the  original  paper. 

X.  Available  variables:  Spreading  rale  <hj\  /->/d:r  —  0.1,  decay  constant  for  centre-line  velocity  .4,,  ri.,'12.  .similarity 

profiles  ol  !//(',.,  i /Vc.  n'V/U,.  versus  ul)l\pi  land  the  corresponding  q  ■  y/(x- 

•r  11)) 

9.  Storage  size  and  date  formal:  Formal  is  ASCII. 

10  Contact  person:  Prof.  I.  Wygnanski 
AMI:  dept.  Tucson,  A/,  X5721.  USA, 

Phone:  (002)621  60X9 

Pax:  (602)621  XI9I 

li-mail:  wygv  (n’bigdng.en gr.ari/ona.edu 
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Gutmauk,  H.  and  WYGNANSKI.  I.  1976 'lire  planar Turbulent  jcl,./.  Fluid  McchJS, 46*  -495. 

llt-SKl-.SlAI),  (i.  1965  llol-wirc  measurements  in  a  plane  turbulent  jcl.  J.  Appl.  Mrrlt.X,  ■  p.  I . 

Kt)l»,  W.  1975  A  review  ol  experimental  data  of  uniform  density  free  turbulent  boundary  layers,  in  Studies  in  Convection. 

Vnl.  I,  cd.  [).[  I.aundei,  Academic  Press,  London. 
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Data  Sheets  for: 

Chapter  7.-  Thrbulent  Boundary  Layers 
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TBLOO:  Flat  plate,  zero-pressure-gradient  TBL 

Smith  &  SmiLs 


1.  Description  of  the  flow:  Flat-plate,  zero-prcssure-gradient  TBL. 

2.  Geometry: 

The  experiments  were  conducted  in  a  long,  subsonic,  open  return  wind  tunnel  having  a  rectangular  cross-section. 
Test  section  dimensions  were  5.8  in  long  (streamwise),  by  1 .22  m  wide  (spanwise)  by  0. 1 5  ?u  high  (wall-normal). 

3.  Sketch:  None  needed. 

4.  Flow  characteristics 

The  mean  flow  was  approximately  two-dimensional  as  evidenced  by  agreement  with  the  momentum  integral  equa¬ 
tion  to  within  ±7%.  A  settling  chamber  and  6:1  contraction  (described  below)  minimized  free  stream  turbulence 
levels.  The  outer  wall,  opposite  the  measurement  wall,  was  contoured  to  minimize  the  streamwise  pressure  gradient. 

5.  Flow  parameters 

The  working  fluid  was  air  at  existing  ambient  temperature  and  pressure.  Ambient  conditions  were  monitored 
throughout  all  experiments,  and  the  temperature  did  not  vary  by  more  than  0.2"C  during  any  given  run.  Using 
an  upstream  pitot  lube,  the  tunnel  flow  speed  was  set  to  obtain  a  unit  Reynolds  number  Re.,, mi  =  2,100,000 
for  all  runs.  The  free  stream  flow  speed  was  approximately  .33  m/s.  Mean  flow  measurements  were  obtained  at  ten 
streamwise  locations,  providing  momentum-thickness  Reynolds  numbers  ranging  front  4,601  to  13,189.  Turbulence 
measurements  were  made  at  two  streamwise  locations,  at  Reynolds  numbers  of  lico  rs  5,000  and  1 3,000.  The  static 
pressure  coefficient  varied  by  less  than  4 %  over  the  length  of  the  test  section. 


Flow  parameters  for  the  mean  flow  data  files 
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Flow  parameters  Jbr  the  turbulence  data  files 
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6.  Inflow,  outflow,  boundary  and  initial  conditions: 

Ambient  air  entered  the  tunnel  through  a  large  hell-mouth,  passed  thiough  a  honeycomb  llow-slraighlencr.  having  a 
grid  size  of  6.3  mm  and  a  depth  of  76  mm,  and  into  a  settling  clmmher.  The  settling  chamber  was  0.9 1  in  long  and 
contained  a  series  ol  live  screens  oriented  perpendicular  to  the  flow  direction.  The  first  screen  was  of  openness  ratio 
67%  (mesh  size  0.9  nun  by  0.9  turn),  and  the  last  four  screens  were  of  openness  ratio  639;  (mesh  size  1.3  mm  by 
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1.3  mm).  The  How  exiled  the  scMling  clumber,  passed  through  ;i  two  dimensional  6:1  contraction.  and  eniered  (lit- 
tesl  section. 

Downstream.  the  flow  leaving  die  lest  xeclion  eniered  a  slit'l  l .  Iwu-diincnsional  liiiTnsor.  followed  by  a  longer,  three 
dimensional  diffuser.  In  the  two-dimensional  diliusnr.  a  row  of  vortex  generators  prevented  separation  on  the  outer 
wall.  A  final  screen  placed  between  the  two  difltisor  sections  helped  reduce  (low  unsteadiness. 

7.  Measurement  procedures: 

Static  pressure  eoeflieent  data  were  obtained  front  ptessure  laps  along  the  centerline  of  the  tunnel  test  wall  Ai  leu 
sircamwi.se  locations,  mean  velocity  profiles  were  measured  via  Pi  lot  probe  surveys. 

Turbulence  measurements  were  made  using  single  normal-wire  hot  wire  probes  operated  in  the  constant  temperature 
mode.  Reynolds  stresses  were  measured  using  crossed- wire  probes  oriented  to  measure  u  and  r,  and  then  i.  and  to 
The  hot-wire  anemometer  circuits  contained  symmetrical  bridges  to  enhance  frequency  response.  For  all  runs,  the 
frequency  response  was  ai  least  65  Nil:. 


Maximum  error  in  percent  relative  to  the  mensural  value 
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8.  Available  variables 

Mean  How  data  consist  of  mean  velocity  profiles,  sialic  pressure  coefficient,  and  skin  friction  coefficient  al  ten 
Reynolds  numbers.  Turbulence  data  consist  profiles  of  mean  and  mean-squared  values  ,  as  well  as  third  and  fourth 
order  moments,  of  the  three  velocity  components.  Profiles  of  the  ur  and  tiir  Reynolds  stresses  and  i rti  and  tit'2  are 
also  available.  The  KLADMIi  file  accompanying  the  data  provides  full  details  of  the  available  data. 

9.  Storage  size  and  data  format:  Data  are  in  ASCII  files,  requiring  approximately  51)  Kb  of  storage .  A  RLADMF.  file 
provides  details  about  file  formats. 

10  Contact  person:  Prof.  Alexander  J.  Smils 

Director.  Ciasdynamics  Laboratory.  Department  of  Mechanical  and  Aerospace  hnginccring 

Princeton  University,  Princeton.  NJ  0X5)4.  USA 

Tel:  (609)  25X  5117:  Fax:  (600)  258  2276 

U-mail:  asmits(«'pi icc,princclon.cdii 

http://www.piincelon.edu/  gasdyn/Pcoptc/Lcx  Timils.himl 
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TBL01:  Turbulent  Boundary  Layer  with  No  Pressure  Gradient 

Spalart 


1 .  Description  of  the  flow:  Numerical  simulation  of  a  two-dimensional  boundary  layer  with  zero  pressure  gradient. 

2.  Geometry:  Smooth  Hat  surface,  periodic  spanwise  and  streamwise  with  multiple-scale  corrections  to  model  the 
strcarnwi.se  growth.  Data  from  two  sets  of  simulations  arc  included,  both  using  the  same  numerical  code  and  ilow 
parameters.  In  Spalart  ( 1 988)  the  streamwise  extent  of  the  numerical  is  Lr  —  lOOtf",  and  the  spanwise  extent 
is  L.  =  25  4*.  The  simulations  in  Chacin  ct  al  (1996)  are  run  in  a  computational  box  only  half  as  long  in  the 
streamwise  direction. 

3.  Sketch:  Not  needed 

4.  Flow  characteristics:  The  Ilow  is  intended  to  model  conditions  in  a  zero-pressure-gradienl  boundary  layer  at  a 
given  streamwise  position.  The  computational  box  is  short  enough  that  the  streamwise  growth  is  not  significant, 
and  this  is  explicitly  used  in  the  computational  scheme.  Four  cases  were  originally  computed,  corresponding  to 
Ret.  =  ‘250,  500.  1000,  2000,  and  used  to  estimate  the  slow  growth  parameters  of  the  boundary  layer,  which  are 
then  usctl  in  the  code.  Only  Ihc  two  middle  ones  are  included  as  data  sets,  since  they  are  now  recognised  as  having 
the  best  numerical  quality. 

5.  Flow  parameters:  Within  classical  thinking,  lic'o  fully  describes  the  flow.  For  the  two  sets  included,  Rco  ss 
.300,  070.  The  free  stream  is  nominally  quiet,  but  the  periodic  boundary  conditions  are  roughly  equivalent  to  a 
"tripped"  layer,  Trip  "memory"  is  clearly  an  issue  for  the  first  set  hut  probably  not  for  the  second.  The  Reynolds 
number  of  the  first  data  set  is  also  marginal  for  fully  developed  turbulence,  which  is  traditionally  expected  to  exist 
only  above  lie. a  w  320.  but  this  ease  is  used  as  inlet  condition  for  the  simulation  in  TBL2I,  and  an  instanlnneous 
Ilow  held  is  included  here  for  that  purpose, 

6.  Numerical  methods,  resolution  and  resulting  uncertainties:  The  numerical  scheme  is  fully  spectral,  Fourier  in 
ilte  streamwise  and  spanwise  directions  and  Jacobi  normal  lo  (lie  wall,  de-aliased  in  the  three  directions  by  (lie  2/3 
rule  Spalart  (1986;  1988).  The  multiple-scale  procedure  discussed  in  Spalart  (1988)  provides  a  fair  approximation 
to  the  streamwise  growth  effects,  including  entrainment,  The  spacing  between  collocation  points  is  Aj:4'  ss  20  and 

rs  7,  and  the  stretched  grid  in  the  (/-direction  is  adjusted  lo  have  10  points  within  the  lirst  9  wall  units,  The  size 
of  the  collocation  grid  for  the  lowci  Reynolds  number  case  in  Spalart  ( 1988)  is  (128  x  50  x  90)  in  the  y-  and  z- 
directions.  For  the  high  Reynolds  number  it  is  (250  x  04  x  102).  For  the  shorter  computational  boxes  in  Chacin  el  al 
( 1996)  the  resolution  is  maintained  by  halving  the  number  of  streamwise  modes,  Grid  refinement  studies  conducted 
in  Spalart  (1988)  for  (he  lower  Reynolds  number  case  suggest  that  truncation  errors  due  to  resolution  should  he 
below  2"/( .  Time  step  is  adjusted  to  a  maximum  local  CF1.  of  2  (Spalart  1 986). 

7.  Boundary  and  initial  conditions: 

(a)  Domain  size  and  truncation:  Domain  size  is  given  above.  Wall  normal  grid  is  mapped  exponentially  with  a 
scale  proportional  to  the  displacement  thickness. 

(b)  Boundary  conditions:  Periodic  spanwise.  No-slip  til  the  wall  and  free  -slip  at  the  top  of  the  domain,  which  is 
far  in  the  free  stream. 

(c)  Inlet  and  initial  conditions:  Flow  is  streamwise  periodic  with  the  corrections  mentioned  above.  The  simula¬ 
tion  is  run  until  the  Ilow  is  statistically  stationary. 

8.  Averaging  procedures  and  resulting  uncertainties:  Statistics  are  compiled  alter  the  Ilow  becomes  statistically 
stationary,  and  accumulated  during  1  —  200 4*/(-'.x.  corresponding  to  about  two  full  How-throughs  al  tbe  free 
stream. 

9.  Available  variables:  Al  Rfl  =  300  and  670,  profiles  from  Spalart  (1988)  contain  y,  V,  i v"J,  tr ,  -n'v',  and  the 
budgets  of  v"z,  v ir"2,  -  a'v'.  Viscous  diffusion  and  dissipation  arc  distinct,  blit  not  pressure  strain  and  pressure 
diffusion. 

One  instantaneous  Ilow  field  is  included  lor  each  Reynolds  number  from  Chacin  ct  al  ( 1996).  which  is  essentially  a 
re-eomputation  of  the  original  Ilow  fields. 
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10.  Storage  size  required  and  present  format  of  the  data:  66  Kb.  ASCII  file  for  the  profiles.  5  Mb  biliary  files  for  the 
low  Reynolds  number  How  field.  17  Mb  for  the  high  Reynolds  number  one. 

I  I .  Contact  person:  hoc  Spalar!  ( 1988):  P.  R.  Spalart 

Boeing  Commercial  Airplane  Group.  I’.O.  Box  3707,  Seattle.  WA  OK  124  2207,  USA 
e-mail;spnlari  ("'nas.nasa.gov 

Bor  Chacin  cl  a  I  (1096).  B.  Cantwell 

Dept.  Aeronautics  and  Astronautics,  Stanford  U..  Stanford.  C A  94305,  USA 
e-mail:  cant  we  1 1  tide  land,  stanford.edu 
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TBL10:  Turb.  B.L.  in  Adverse  Pressure  Gradient 


Marusic  &  Perry 


1.  Description  of  the  (low:  Two  Hows,  called  10APG  and  30APG,  with  upstream  velocities  of  lOm/s  and  30ni/s.  Both 
start  in  zero  pressure  gradient  and  arc  then  acted  upon  by  an  approximately  constant  adverse  pressure  gradient. 

2.  Geometry:  Flows  develop  on  llte  940mm  wide  lloor  of  an  open  return  blower  type  wind  tunnel.  A  contraction 
area  ratio  8.9:1  leads  to  a  4.3m  long  working  section  with  68  pressure  tappings  along  the  lloor  strcnmwisc  centre 
line.  Pressure  gradients  are  imposed  by  heavy  screening  at  die  downstream  diffuser  and  by  varying  the  angle  of  12 
adjustable  louvers  in  part  of  (lie  working  section  roof.  The  inclination  of  the  first  1.45m  of  the  woixirg  section  roof 
was  varied  to  obtain  an  approximately  zero  pressure  gradient  on  the  floor. 

3.  Sketch: 


Figure  I :  Details  of  working  section  (dimensions  in  nun). 


4.  Flow  characteristics:  Two  two-dimensional  adverse  pressure  gradient  turbulent  boundary  layer  (lows  far  from 
equilibrium. 

5.  Flow  parameters:  Free  stream  turbulence  intensity  0.3% . 

Mean  (low  parameters,  see  table  below. 


icfniin) 

Ur/uT 

II 

Ho 

(lOAPti) 

1200 

23.6 

1.43 

2206 

1800 

25.4 

1 .44 

3 1 53 

2240 

28.1 

1.49 

4155 

2640 

31.5 

1.58 

5395 

2880 

34.5 

1.64 

6395 

3080 

38.4 

1.73 

7257 

(30APG) 

1200 

26.4 

1.40 

6430 

1800 

28.2 

1.41 

8588 

22-10 

30.1 

1.44 

10997 

2640 

32.9 

1 .49 

14209 

2880 

35,2 

1 .54 

16584 

3080 

38.1 

1 .60 

19133 

x  is  the  streamwise  direction;  is  the  velocity  at  the  edge  ol'llie  boundary  layer;  u, ,  friction  velocity;  It,/,  momen¬ 
tum  thickness  Reynolds  number;  II ,  shape  factor. 

6.  Inflow,  outflow  boundary  and  initial  conditions:  Should  be  taken  from  initial  and  final  profiles  and  imposed 
pressure  distribution. 
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7.  Measurement  procedures: 

(a)  Measured  Quantities:  Mean  Hose  profiles.  Reynolds  shear  stresses,  all  three  components  of  the  Reynolds 
normal  stresses  and  measured  spectra. 

(b)  Measurement  Errors:  Not  cited 

(c)  Other  supporting  information:  Mean  flow  profiles  front  pitot  static  probe.  Wall  shear  from  Clauscr  chart 
and  Preston  tube.  Turbulence  quantities  from  stationary  and  Hying  X  hot  wires. 

8.  Available  variables:  Mean  flow  proliles.  Reynolds  shear  stresses,  all  three  components  of  the  Reynolds  normal 
stresses  and  measured  spectra. 

9.  Storage  size  required  and  file  format:  Profile?  50  Kbytes.  Spectra  6  Mbytes.  ASCII  files. 

10.  Contact  person:  I.  Marusie 

Department  of  Mechanical  and  Manufacturing  Engineering.  University  of  Melbourne.  Pnrkvillc.  Victoria  3052, 
Australia 

o-mail:i  van@inante.mu.oz.au 
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TBL11:  Ttirb.  B.L.  in  Adverse  Pressure  Gradient;  Numerical 

Spalart  &  Watmuff 


1.  Description  of  the  flow:  Numerical  simulation  of  a  two-dimensional  boundary  layer  with  sequentially  favourable 
and  adverse  pressure  gradients.  The  simulation  was  intended  to  replicate  experimental  data,  compiled  especially  for 
that  purpose,  and  which  arc  also  included  in  the  data  set.  Only  the  simulation  is  described  here.  For  a  description  of 
the  experiment,  see  Watmuff  (1990);  Spalart  &  Watmuff  (1993). 

2.  Flow  geometry:  3-D  computational  box,  periodic  in  the  strcamwisc,  x-,  and  spanwise  ^-directions,  with  streamwise 
corrections  discussed  above.  All  lengths  are  expressed  in  meters  while  velocities  arc  normalised  with  the  free-stream 
velocity  Up  at  the  inlet.  The  useful  length  of  the  experimental  flat  plate  was  1 .5  m,  and  the  boundary  layer  was  tripped 
at  x  =  0.15,  Free-stream  pressure  was  controlled  hy  a  contoured  upper  wall,  convergent  from  x  =  0.2  to  0.6  and 
divergent  thereafter.  The  resuiting  pressure  distribution  is  shown  in  the  sketch  below.  The  computational  region 
extends  from  x  =  0.3  to  1 . 1,  but  only  the  region  from  x  =  0.4  to  x  =  1  is  considered  useful,  The  rest  is  used  hy  the 
numerical  "fringes"  described  below.  The  boundary  layer  remains  attached  and,  at  the  beginning  of  the  comparison 
region,  is  fully  turbulent  with  thickness  of  the  order  of  6‘  —  1.9  mm.  The  spar.wisc  extent  of  the  computational  box 
is  L,  =  0.09. 

3.  Sketch: 
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Figure  1 ;  Computational  domain  and  experimental  pressure  distribution  outside  the  boundaiy  layer. 


4.  Flow  characteristics:  The  llow  accelerates  fioin  a  C,,  nearO  to  near  —0.4,  which  helps  erase  the  memory  ollhc  trip 
and  of  the  inflow  condition.  After  that  the  returns  to  about  +0.05  in  the  region  covered  by  the  DNS.  although 
the  experiment  went  farther.  The  boundary  layer  remains  attached,  and  thickens  until  it  reaches  He#  ^  1750  and 
11  ~  l.G.  A  zero-pressurc-gradient  boundary  layer  at  the  same  Rrp  would  be  H  1.45. 

5.  Flow  parameters:  The  Reynold'  number  per  meter  is  4.28  x  10r\  and  /?.<:,>  is  530  at  the  beginning  of  the  com¬ 
parison  region.  The  pressure  co;  flicicms  arc  given  in  the  sketch  The  free  stream  is  nominally  quiet  and  the  two- 
dinicnsionality  of  the  experiment  was  checked  to  be  ot  the  order  of  1  -29i  over  spanwise  distances  of  20  cm. 

6.  Numerical  methods,  resolution  and  resulting  uncertainties:  Fully  spectral  method.  Fourier  m  the  x  and  a 
directions.  Jacobi  polynomials  in  ?/,  matched  to  an  exponential  mapping  (Spalart  cl  id  1091 ).  Streamwise  boundary 

,  layer  growth  is  compensated  hy  a  "fringe”  method  in  which  an  exna  term  is  applied  to  the  equations  in  x  —  (0.3  — 
0.4)  and  .r  —  ( 1  1.1),  resulting  the  outgoing  flow  to  the  desired  inflow  condition  (Spalart  A  Watmuff  1993).  The 
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collocation  grid  is  (9G0  x  82  x  320).  Dealiasing  is  done  in  the  three  directions  hy  the  2/3  rule.  Based  on  the  highest 
mean  skin  friction  in  the  box.  the  distance  between  collocation  points  is  A; '  =  20.  Ac 1  —  7.3.  The  wall  normal 
stretched  grid  has  10  points  below  y+  —  9.  Numerical  quality  parameters  arc  discussed  in  Spalart  &  Wat  mu  IT 
(1993). 

7.  Boundary  and  initial  conditions: 

(a)  Domain  size  and  truncations:  The  boundary  layer  is  essentially  fully  developed  as  it  reaches  the  domain 
numerical  domain,  and  relaxes  further  due  to  the  favourable  pressure  gradient.  The  lateral  extent  of  the  large 
eddies  was  estimated  from  the  two-point  correlation  function  to  be  of  the  order  of  0.02  at  r  —  1,  compared  to 
the  computational  box  size  L.  -■  0.09. 

(b)  Boundary  conditions  The  pressure  distribution  outside  the  boundary  layer  is  controlled  in  the  experiment  hy  a 
contoured  upper  wall  In  the  simulation,  it  is  controlled  hy  tailoring  the  behaviour  of  the  wall-normal  velocity 
at  boundary  at  large  y.  Velocity  and  stress  profiles  are  given  at  inflow.  Outflow  is  not  critical. 

(c)  Inlet  or  initial  conditions:  Generated  hy  the  fringe  method  described  above. 

8.  Averaging  procedures  and  resulting  uncertainties:  Mean  values  are  averaged  over  die  span,  and  over  time.  A 
filler  of  slrcamwise  width  se  0.02  is  also  applied.  The  statistical  sample  is  formed  hy  1 00  velocity  fields,  covering  a 
loial  time  of  about  0.81  /(/„,  or  about  one  full  llow-through. 

9.  Available  variables:  The  simulation  data  arc  given  at  i  —  0.55  to  I  by  0.05.  The  file  has U,  I C,,.  jTa,  ji"j,  w"*, 
— ii'ii1  ,  The  same  data  arc  given  from  an  accompanying  experiment  from  a-  =  0.2  to  2  hy  0.05,  in  TBE12. 

10.  Storage  size  required  and  file  format:  67  Kbytes.  ASCII  file. 

1 1 .  Contact  person:  P.  R.  Spalart 
Boeing  Commercial  Airplane  Group 

P.O.  Box  3707.  Seattle,  WA  9812-1-2207,  USA 
c-ittai  I  :spnl  art  (rfiias.  nasa.gov 
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TBL12:  Turb.  B.L.  in  Adverse  Pressure  Gradient;  Experimental 


Watmuff 


1.  Description  of  the  flow:  Incompressible,  two-dimensional,  turbulent  boundary-layer  flow.  Downstream  of  a  trip  the 
pressure  gradient  is  initially  favourable  to  allow  the  turbulence  to  mature  without  undue  increase  in  Reynolds  num¬ 
ber.  The  pressure  gradient  then  becomes  adverse.  The  experiment  was  especially  devised  to  match  the  conditions  of 
the  direct  numerical  simulation  TBL1 1. 

2.  Geometry:  Flow  develops  on  the  1.0m  wide  2.1m  long  floor  of  an  open  return  blower  type  wind  tunnel.  A  contrac¬ 
tion  area  ratio  5:1  leads  to  the  initially  0.24m  high  working  section.  Pressure  gradients  arc  imposed  by  a  flexible 
ceiling  and  the  test  section  has  two  Plexiglas  sidewalls. 

3.  Sketch: 


Figure  I:  Flow  configuration  (from  Spalnrt  &  Watmuff,  1993). 

4.  Flow  characteristics:  Two  dimensional  favourable  and  adverse  pressure  gradient  turbulent  boundary  layer  flow. 

5.  Flow  parameters:  Free  stream  turbulence  intensity  at  end  of  contraction  is  0.2%.  Reference  velocity  Urrj  at 
entrance  to  the  test  .section,  r  =  0.  is  6.5  m/s  giving  a  reference  unit  Reynolds  number  of  4.28  x  I0r>  ill  1 .  Reynolds 
numbers  based  upon  momentum  thickness  are  below  1600,  well  within  the  range  for  which  ‘low-Reynolds-numher 
effects’  are  known  to  occur  in  zero  pressure  gradient 

6.  Inflow,  outflow  boundary  and  initial  conditions:  From  initial  and  final  profiles  and  imposed  pressure  distribution. 

7.  Measurement  procedures: 

(a)  Measured  Quantities:  Wall  static  pressure  distribution,  skin  friction  distribution,  mean  flow  profiles,  Reynolds 
shear  stresses,  all  three  components  of  the  Reynolds  normal  stresses.  Mean  flow  and  Reynolds  stress  profiles 
measured  at  50mm  intervals  along  tunnel  centreline  from  x  =  0.2m  to  2.0m,  i.e.  37  profiles. 

(b)  Measurement  Errors:  Not  tabulated  but  some  discussion  in  references. 

(c)  Other  supporting  information:  All  mean  velocity  and  turbulence  data  obtained  from  normal  and  X  wire 
hot-wire  probes  attached  to  a  high-speed  three-dimensional  computer-controlled  traversing  mechanism.  Wall 
static  pressure  measured  al  44  tappings.  Skin  friction  from  Preston  tubes. 

8.  Available  variables:  As  in  Measuied  Quantities,  above. 

9.  Storage  size  required  and  present  format  of  the  data:  65  Kbytes  ASCII  flic. 

10.  Contact  person:  P,  R.  Spalarl 

Boeing  Commercial  Airplane  Group,  P.O,  Box  3707,  Scuttle,  WA  98 1 24-2207,  USA 
c-maihspalarttp1  nas. nasa.gov 
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TBL20:  Closed  Separation  Bubble 

Alving  &  Fernholz 


1.  Description  of  the  flow:  Turbulent  boundary  layer  on  a  smooth,  axisymmetrie  body  exposed  to  an  adverse  pressure 
gradient  of  sufficient  strength  to  cause  a  short  region  of  mean  reverse  flow  ('separation').  The  pressure  distribution 
is  tailored  such  that  the  boundary  layer  reattaches  and  then  develops  in  a  nominally  zero  pressure  gradient. 

2.  Geometry:  The  test  surface  was  a  hollow  aluminium  circular  cylinder.  1 .65m  in  length  and  0.25m  in  diameter,  its 
axis  aligned  with  the  flow  and  preceded  by  a 0.3m  elliptical  nose  cone.  The  boundary  layer  was  tripped  at  the  nose- 
conc/cy  Under  junction.  The  test  surface  was  surrounded  by  a  concentric,  performed  cylinder  iorming  the  outer  wall 
(diameter  0.61  m)  and  ended  at  a  perforated  end  plate.  This  outer  wall  was  shaped,  as  shown  in  the  sketch  below,  to 
produce  an  adverse  pressure  gradient  at  (he  start  of  the  test  cylinder 

3.  Sketch: 


Figure  I:  Skelch  ol  the  facility. 


4.  Flow  characteristics:  Flow  over  and  downstream  of  an  adverse  pressure  gradient  induced  separation  bubble.  1  lie 
(low  reattaches  in  a  mild  adverse  pressure  gradient  and  then  develops  in  a  nominally  zero  pressure  gradient. 

5.  Flow  parameters:  kelciencc  Reynolds  number,  Uu,r,if,i />'  -  1.02  x  lO'Vm  free  stream  turbulence  intensity  ().?.%. 
Mean  llow  parameters,  see  table  below. 

6.  Inflow,  outflow  houndury  and  initial  conditions  From  inilial  and  final  profiles  and  imposed  pressure  distribution. 

7.  Measurement  procedures: 

(a)  Measured  Quantities:  Mean  llow  profiles,  Reynolds  sbeai  stresses,  all  (luce  components  ol  the  Reynolds 
normal  stresses  third  and  fourth  order  moments 

(b)  Measurement  Errors:  Foi  pulsed  wire  u2  Hr  a'X,  nr  1  2(1%.  i>,!  H.  .3(1% 

(c)  Other  supporting  information:  Mean  llow  pioliles  and  luihulcncc  quantities  limn  single  and  X  hot  wires 
except  in  regions  ol  reverse  flow  oi  high  luihulcncc  intensity  where  pulsed  wiics  weie  used  Wall  sheai  from 
(  Hauser  chart  and  pulsed  wire. 

8.  Available  variables:  Mean  llow  pioliles,  Reynolds  sheai  stresses,  all  ihicc  components  ul  the  Reynolds  luanial 
sliesses  third  and  loin  III  older  moments. 


9.  Storage  size  required  and  tile  format:  2t)6Kbytes.  ASCII  hie 
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a- (m) 

5 

cP 

llC,,/d.r 

Vv!Vt 

A  ii 

C/ri 

6/;„i 

0(m) 

II 

Rr„ 

0.175 

-2.2 

0.398 

2.18 

0.75 

0.0 

0.00185 

0.00249 

0.0149 

0.0023 

1.9 

2850 

0.275 

-1.5 

0.566 

1.34 

0.65 

9.6 

0.00057 

0.00065 

0.027 

0.0046 

2.2 

4850 

0.325 

-1.2 

0.595 

0.58 

0.61 

28.0 

0.0003 1 

0.00026 

0.034 

0.0063 

2.4 

6850 

0.425 

-0.6 

0.623 

0.27 

0.61 

74.0 

-0.00025 

0.047 

0.0076 

3.2 

7520 

0.525 

0.0 

0.656 

0.32 

0.57 

47.0 

0.00005 

0.05 1 

(0.0078) 

(2.4) 

(7200) 

0.625 

0.7 

0.679 

0.19 

0.57 

7.0 

0.00057 

0.00080 

0.063 

0.01 13 

2.09 

10400 

0.725 

1.3 

0.688 

0.056 

0.56 

0.2 

0.001 10 

0.00151 

0.066 

0.0123 

1.75 

1  1200 

0.825 

1.9 

0.690 

0.036 

0.56 

0.0 

0.00160 

0.00193 

0.074 

0.0129 

1.55 

1  1700 

0.925 

2.6 

0.689 

-0.010 

0.56 

0.0 

0.0020 

0.0022 

0.079 

0.0129 

1.43 

1  1700 

1 .025 

3.2 

0.688 

-0.024 

0.56 

0.0 

0.0022 

0.0024 

0.079 

0.0127 

1.37 

1 1400 

1.225 

4.4 

0.6856 

-0.019 

0.55 

0.0 

0.0025 

0.0026 

0.090 

0.0133 

1.30 

1  1900 

1 .475 

6.1 

0.685 

0.000 

0.56 

0.0 

0.0026 

0.0027 

0.103 

0.0148 

1.25 

13300 

Table  1;  a:  streamwise  from  tripwire  location;  £  =  (a- xrn,u )/(jrraii  -a,r,,);  jrfr,,  -  0..3G1  n\\rrrntt  —  0.5 IS ur.Up/l/i 
potential  velocity  extrapolated  to  wall  /  velocity  at  throat;  probability  of  reverse  How  at  the  wall;  C'/ct  from  Clauscr 
plot;  C/;)n  from  pulsed  wire;  Ri'o  monientnm  thickness  Reynolds  mnnbcr;  II  shape  factor. 


10,  Contact  person:  A.fi.  AWing 

Aerospace  Hnginccring  &  Mechanics,  University  of  Minnesota,  Minneapolis,  MN  55455,  USA 
e-mail  :alving<£<,neni.umn.cdu 
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TBL21:  Mild  Separation  Bubble 


Na  &  Moin 


1.  Description  of  the  flow:  Numerical  simulation  of  a  turbulent  boundary  layer  with  adverse  pressure  gradient  and  a 
closed  mild  separation  bubble. 

2.  Flow  geometry:  3-D  computational  box:  the  streamwisc  extent  of  the  domain  is  350  5,*,,  the  vertical  height  is  64  (5*„ 
and  the  spanwise  extent  is  50  6Jn,  where  <5t'n  is  the  displacement  thickness  at  the  inlet  of  the  computational  domain 
(see  sketch  below).  All  values  are  normalised  with  <)'„  and  with  the  frcc-strcam  velocity  V„  at  the  inlet. 

3.  Sketch: 
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Figure  2:  Mean  streamlines. 


4.  Flow  characteristics:  A  suction-blowing  velocity  profile  was  prescribed  along  the  upper  boundary  of  the  com¬ 
putational  domain  to  create  an  adveise-to-favourablc  pressure  gradient  that  produces  a  closed  separation  bubble. 
Turbulent  structures  emanating  upstream  of  separation  move  away  from  the  wall  into  the  shear  layer  in  the  detach¬ 
ment  region  and  then  turn  around  the  bubble.  Iso-surl'aces  of  negative  pressure  fluctuations  which  correspond  to  the 
core  region  of  the  vortices  show  that  large-scale  structures  grow  in  the  shear  layer  arid  merge  with  one  another.  They 
then  impinge  on  the  wall  and  subsequently  conveei  downstream  The  characteristic  Stmuluil  number  St  —  / (5 *„/(/„ 
associated  with  this  motion  ranges  between  0.0025  to  0.01.  The  locations  cl  the  maxima  of  wall-pressure  fluctua¬ 
tions  and  Reynolds  shear  stress  occur  downstream  of  the  reniiaehmcnt  zone.  Contour  plots  of  two- point  correlation 
of  wall-pressure  fluctuations  arc  highly  elongated  in  the  spanwise  direction  inside  the  separation  bubble  implying 
the  presence  of  large  2-D  roller-type  structures.  The  convection  velocity  determined  from  the  space-time  correlation 
ol  pressure  fluctuations  is  as  low  as  0.33(/„  in  the  separated  zone  and  increases  downstream  ol  rcatlachment. 

5.  Flow  parameters:  The  Reynolds  number  based  on  inlet  momentum  thickness  and  maximum  mean  sircamwi.se 
velocity  at  inlet  is  300.  The  height  of  the  sepaialion  bubble  is  about  two  inlet  boundary  layer  thickness  20 dim), 
and  its  length  is  about  75<i,„. 
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Numerical  methods,  resolution  and  resulting  uncertainties:  The  incompressible  Navicr-Stokes  and  continuity 
equations  arc  integrated  in  time  using  a  sctni-impltcil  scheme  with  the  modified  ftaelional  step  procedure  (Le  & 
Moin  1991),  which  advances  the  velocity  field  through  the  Runge-Kulla  suhsteps  without  satisfying  the  continuity 
equation.  Continuity  is  only  enforced  at  the  last  suhstep  by  solving  a  Poisson  equation.  A  low-storage,  third-order 
Rungc-Kulta  scheme  (Spalnrt  1987;  Spalart  el  al  1991)  is  used  for  treating  convective  terms  explicitly  and  the 
second  order  Crank-Nicliolson  scheme  is  used  for  implicit  treatment  of  viscous  terms.  All  spatial  derivatives  arc 
approximated  with  second-order  central  difference  schemes.  The  grid  spacing  is  uniform  in  the  streamwisc  and 
spanwise  directions.  Based  on  the  inlet  wall  shear  velocity  A.rJ  ;«  18.3  and  A:  +  x:  10.3  In  the  wall-normal 
direction  the  grid  spacing  is  minimum  at  the  wall,  A y,\IUI  «  0.1 1 ,  and  maximum  in  the  free-sircam,  At/,1,,,,  ,  ~  22.7. 
The  number  of  cells  in  the  grid  is  512  x  192  x  130,  in  r.  y  and 


7.  Boundary  and  initial  conditions: 


(a)  Domain  size  and  truncations:  See  point  2  above 

(b)  Boundary  conditions  The  suction-blowing  velocity  profile  shown  in  Figure  3  is  proscribed  along  the  upper 
boundary  of  the  computational  domain. 


DO  100  150  ?00  S10  300  35(1 


Figure  3:  Suction-blowing  velocity  distribution  along  the  upper  boundary. 


(c)  Inlet  or  initial  conditions 

billow  turbulence  is  generated  by  sequentially  feeding  at  the  inflow  plane  a  frozen  DNS  field  randomised  by 
amplitude  factors.  Phase  angle  information  is  considered  mote  important  than  the  amplitude  factor  in  that 
it  is  closely  related  to  turbulence  structures,  and  the  phase  angles  of  the  frozen  field  are  not  changed  during 
the  procedure  of  generating  inflow  turbulence.  The  technique  attempts  to  get  physically  realistic  velocity 
fluctuations  using  an  already  validated  DNS  data  and  superposes  them  on  a  given  mean  velocity  profile  at  the 
inflow  plane  The  mean  velocity  profile  is  taken  from  zero  pressure  gradient  simulation  in  Spalart  (1988)  at 
fie(i  rr  300  (see  TUI. (II ).  Using  a  single  realisation  of  his  3-D  How  field,  the  three  components  of  the  velocity 
fluctuations  ?/'(.r,  ;/,  ~ )  are  calculated  by  subtracting  the  mean  velocity  Vj[<i)  from  the  instantaneous  velocity 

M-r, !/.'). 

v', (■'•.J/,  z)  =  .t)  -  itj(i/),  (1) 

From  Fourier  coefficients  obtained  by  transforming  u'  in  the  sttcamwise  and  spanwise  directions, 


a  new  field  is  consti  ticlcd  by  jittering  \U'j\  with  real  random  numbers  n„  in  the  range  (1.8  <  n„  <  1 .2, 


The  new  coefficients  arc  transformed  back  to  physical  space  to  obtain  a  fluctuating  velocity  hold,  which  is  then 
superimposed  on  the  long-time  mean  velocity  profile,  and  fed  into  tiie  computational  domain  using  Taylor's 
hypothesis.  In  other  words,  the  streamwisc  coordinate  r  of  the  input  field  is  led  as  inlet  boundaiy  condition  at 
the  lime  I  =  J'/L'r.  where  TV  is  a  convection  "elocity.  It  was  cheeked  that  changing  f  >  ill  the  range  t).8f  -  l'„ 

resulted  in  negligible  differences  in  the  statistics  ol  a  zero  pressure  gradient  turbulent  boundary  layer,  and 
consequently  I',-  —  Wits  used  throughout  the  present  study.  After  the  whole  randomised  field  is  led  into  the 
inlet  plane,  it  is  recycled  by  using  a  new  set  ol  o„  in  (?)  Al  the  exit  of  the  computational  box,  a  convective 
boundary  condition  is  used. 
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8.  Averaging  procedures  and  resulting  uncertainties: 

The  mean  velocity  components,  turbulence  intensities,  and  pressure  are  calculated  on  a  staggered  grid.  Thus,  the 
pressure  is  obtained  at  cell  centres  and  velocities  at  the  cell  surfaces.  Statistical  averages  were  performed  over  the 
homogeneous  spanwise  direction  and  time  and,  hence,  single  point  statistics  arc  functions  of  both  x  and  y.  The  data 
were  sampled  every  10  calculation  time  steps,  at  equal  lime  intervals  Af5  =  Q.'SS*„/Uo,  and  the  total  averaging  time 
was  2250  S*n/U0 ,  equivalent  to  about  7  "flow-through"  times,  defined  as  the  full  travel  time  of  fluid  particles  outside 
the  separation  bubble. 

An  idea  of  the  statistical  uncertainties  can  be  had  from  the  r.m.s.  value  of  the  lime-averaged  field  of  the  spanwise 
velocity  w,  which  should  vanish  everywhere.  The  spatial  average  of  this  mean  held  is  ~  10  fi,  but  its  spatial  r.m.s. 
value  is  1.5  x  10-:1,  which  is  5%  to  the  r.m.s.  value  of  the  velocity  itself  w'  =  0.03. 

The  correlation  functions  arc  averaged  over  60  instantaneous  fields  separated  by  7.5  time  units.  They  therefore 
correspond  to  roughly  one  fifth  of  the  averaging  time  for  the  mean  values.  Their  statistical  uncertainty  can  he 
estimated  by  comparing  the  zero-separation  correlations  with  the  turbulent  intensities  of  the  longer  averages.  The 
differences  are. 


v!  v'  w'  mV 
4%  3%  8%  7% 

9.  Available  variables:  Two-dimensional  (x  —  y)  maps  of  mean  and  r.m.s  fluctuations  of  tile  three  velocity  components 
and  pressure,  plus  rxv  Reynolds  shear  stress  (Figures  4-5).  Because  of  staggered-mesh  numerical  method,  the 
velocities  arc  known  at  the  cell  faces,  while  the  pressure,  and  w  in  a  two-dimensional  projection,  arc  known  at  the 
centres.  This  has  been  respected  in  the  time-averaged  flow  fields,  which  are  therefore  separated  into  three  files,  each 
with  its  own,  slightly  staggered,  grid.  The  Reynolds  stresses  arc  given  interpolated  at  the  locations  of  both  the  u  and 
v  velocities. 
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Figure  4:  Contours  of  mean  streamwisc  velocity. 
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Figure  5:  Contours  of  longitudinal  turbulence  intensities. 

Two-point  small-separation  correlation  functions  of  the  u-u.  e  v,  w-w,  and  u-v  velocity  components,  computed  for 
six  cross-flow  slabs,  centred  at  x  —  80.5, 122.4, 1GU. 7, 220.0.  270.2, 321 . 1.,  and  each  one  spanning  Ar  7.  These 
locations  are  those  for  wieli  momentum  balances  are  computed  in  (Na  &  Moin  1 990).  These  are  full  live-dimensional 
correlation  functions  in  x,  x',  y,  y’ ,  and  z  -  as  explained  in  chapter  2, 

10.  Storage  size  required  and  file  format:  Approximately  4  Ml)  of  binary  data  for  the  averaged  fields.  Approximately 
35  Ml)  of  binary  data  for  eaeli  of  the  six  correlation  slabs. 

11.  Contact  persor. 

Yang  Na 

U.  Illinois,  104  S.  Wnglit  St,.  Uibuna,  IL  61801 
c.inuil:  yungna C(" u iuc.edu 
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TBL22:  Small  Separation  Bubble  on  Isothermal  Wall 

Spalart  &  Coleman 

1.  Description  of  the  flow:  Numerical  simulation  of  a  small  two-dimensional  turbulent  separation  bubble,  with  heat 
transfer  on  an  isothermal  wall. 

2.  Flow  geometry:  3-D  computational  box,  periodic  in  the  streamwise,  x-,  and  spanwise  2-directions,  with  slreamwise 
corrections  discussed  above.  All  values  are  normalised  with  the  height  H  of  the  computational  domain  and  with 
the  frec-strcam  velocity  U0  at  the  inlet.  The  streamwise  extent  of  the  domain  is  Lx  =  10  and  the  spanwise  extent 
is  Lz  =  1.43,  but  the  useful  region  extends  only  from  x  —  1.3  to  8.7.  The  momentum  thickness  at  x  =  1.3  is 
9  =  0.0105,  and  the  temperature  deficit  thickness  Aj  =  0.0119.  The  boundary  layer  thickness,  defined  by  the  2% 
spanwise  vorticity  isoline,  is  S  a  0.24. 

3.  Sketch:  Not  available. 

4.  Flow  characteristics:  The  momentum  and  temperature  boundary  layers  arc  turbulent  at  the  inflow  and  first  relax  in. 
a  settling  region,  about  76  long.  Strong  adverse  and  then  favourable  pressure  gradients  cause  separation  (negative 
mean  skin  friction)  and  rapid  rcatlachment  on  a:  as  5.85  -  6.85.  The  highest  point  of  the  separating  streamline  is 
y/6  «  0.5.  Instantaneous  flow  reversal  occurs  far  upstream  of  mean  reversal,  and  streaks  disappear.  Surprisingly, 
heat  transfer  peaks  near  separation.  Also,  negative  turbulent  kinetic  energy  production  and  counter-gradient  heat 
flux  are  found  in  a  small  region. 

5.  Flow  parameters:  Reynolds  number  based  on  the  length  of  the  useful  region  is  about  160,000.  Re  «  230  at  inflow. 
Pr  =  0.71. 

6.  Numerical  methods,  resolution  and  resulting  uncertainties:  Fully  spectral  method,  Fourier  in  the  x-  and  z- 
directions.  Jacobi  polynomials  in  y ,  matched  to  an  exponential  mapping  (Spalart  et  al  1991).  Slreamwise  boundary 
layer  growth  is  compensated  by  a  "fringe”  method  in  which  an  extra  term  is  applied  to  the  equations  in  x  <  1.3  and 
x  >  8.7,  restoring  the  outgoing  flow  to  the  desired  inflow  condition  (Spalart  &  Watmuff  1993;  Spalart  &  Coleman 
1997).  The  collocation  grid  is  (600  x  200  x  256),  with  30  out  of  the  200  points  in  the  y-direction  above  the  upper 
boundary  at  y  =  H.  Dealiasing  is  done  in  the  three  directions  by  the  2/3  rule.  Based  on  the  highest  mean  skin 
friction  in  the  box,  the  distance  between  collocation  points  is  Az+  =  20,  Az+  =  7.3.  The  wall  normal  stretched 
grid  has  10  points  below  y+  =  2.5.  Numerical  quality  parameters  are  extensively  discussed  in  Spalart  &  Coleman 
(1997). 

7.  Boundary  and  initial  conditions: 

(a)  Domain  size  and  truncations:  The  main  problems  in  this  simulation  are  the  short  settling  region  for  the 
incoming  boundary  layer  after  the  inlet  fringe,  and  the  low  Reynolds  number.  The  boundary  layer  never  attains 
a  fully-developed  profile  and,  in  particular,  never  develops  a  logarithmic  law.  Also,  there  is  no  space  for  a 
proper  recovery  of  the  layer  after  reattachment. 

(b)  Boundary  conditions  The  flow  is  controlled  by  suction  and  blowing  through  an  inviscid  boundary  at  y  =  H , 
given  by 

Vtop/Uo  =  -v/2V'„f  exp(0.5  -  £2),  where  £  =  (x  -  xc)/a, 

and  V0  =  0.435,  xc  =  6.5  and  a  =  1.22.  Inflow  velocity,  temperature  and  stress  profiles  are  given.  Velocity 
and  temperature  fields  are  turbulent  at  inflow.  Outflow  is  not  critical. 

(c)  Inlet  or  initial  conditions:  Generated  through  the  fringe  method  described  above. 

8.  Averaging  procedures  and  resulting  uncertainties:  Mean  values  are  averaged  over  the  span,  and  over  time.  A 
filter  of  streamwise  width  ss  0.1  is  also  applied.  The  statistical  sample  is  formed  by  429  velocity  and  temperature 
fields,  covering  a  total  time  of  about  24 H/U0,  or  about  2.4  full  flow-throughs. 

9.  Available  variables:  At  12  streamwise  stations,  wall-normal  profiles  of  mean  U,  V,  T,  4',  u’2,  t>’2.  in’2,  -uV,  T'2, 
-T'u’,  —TV.  tuj2,  wj2,  tuj2.  Also  the  wall  Cp  and  C/  and  Stanton  numbers. 

10.  Storage  size  required  and  file  format:  About  500Kbytes,  ASCII  file. 


1 1 ,  Contact  person:  l1.  R.  Spalar! 

Boeing  Commercial  Airplane  Group,  I’.O.  Box  3707,  Seattle,  WA  98 1 24-2207,  USA 
c-inaihspnlaiTC'1' nas.nasa.gov 
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TBL30:  Boundary  Layer  with  Surface  Curvature 

Johnson  &  Johnston 


1.  Description  of  the  flow:  The  effects  of  concave  curvature  on  turbulent  boundary  layer  structure  investigated  using 
flow  visualisation  and  three-component  I, DA. 

2.  Geometry:  Large,  low-speed,  free  surface  water  channel.  Inner,  movable  walls  define  the  flow  channel.  Nominal 
flow  velocity  15  ent/s.  Flow  measured  on  vertical  concave  wall.  Convex  wall  opposite  the  test  wall  contoured  to 
minimize  pressure  gradients  on  the  test  wall.  The  channel  width  as  function  of  strcamwisc  distance  from  the  start  of 
the  bend  is  given  in  the  table  below; 


x  (cm) 

w  (cm) 

x  (cm) 

vv  (cm) 

-366.0 

24.92 

45.0 

24.54 

-244.0 

25.66 

71.0 

24.67 

-122.0 

26.32 

96.0 

24.68 

-69.0 

26.61 

122.0 

24.82 

2.0 

25.52 

147.0 

25.32 

20.0 

24.21 

172.0 

25.36 

3.  Sketch: 


71  143 


Figure  I :  Dimensions  in  cm  of  the  concave  lest  wall. 


4.  Flow  characteristics:  initially  2D  turbulent  boundary  layer  subjected  to  sudden  concave  curvature  at  entry  to  a  90" 
bend.  By  76"  into  the  bend  the  boundary  layers  from  concave  and  convex  walls  have  merged. 

5.  Flow  parameters:  Mean  How  parameters,  see  table  below. 


6.  Inflow,  outllow  boundary  and  initial  conditions  From  initial  and  iinal  profiles  and  geometry. 

7.  Measurement  procedures: 

(a)  Measured  Quantities:  Mean  (low  profiles.  Reynolds  shear  stress,  -tw  .  all  three  components  of  the  Reynolds 
normal  stresses  and  third  and  fourth  older  moments. 
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Station 


Flat 

15° 

30° 

45° 

60° 

x  (cm) 

-56.0 

35.6 

71.2 

106.8 

142.4 

Up ,,,  (cm/s) 

15.19 

15.32 

15.12 

15.05 

15.26 

ur(ctn/s) 

0.6x0 

0.715 

0.735 

0.755 

0.790 

CS 

.004 1 3 

.00436 

.00473 

.00503 

.00536 

rSijo  (cm) 

7.98 

9.29 

10.19 

11.62 

12.51 

9  (cm) 

0.9! 

1.11 

1.18 

1.33 

1.23 

Ro 

1455 

1813 

1904 

2121 

1952 

II 

1.41 

1.33 

1.29 

1 .24 

1.20 

Tabic  1:  x  stream  wise;  potential  velocity  extrapolated  to  wall;  ttr  friction  velocity;  I!o  momentum  thickness  Reynolds 

number;  H  shape  factor. 


(b)  Measurement  Errors:  In  U  less  than  ±19f,  in  velocity  fluctuations  less  than  ±39k  In  the  transport  terms, 
im2,  vv'1,  and  nut2,  over  100!/1  in  some  cases  in  the  near  wall  region  For  vT  ±3%  and  Cj  ±5%.  Sec  references 
for  details 

(e)  Other  supporting  information:  Mean  flow  profiles  and  turbulence  quantities  from  two  colour,  three  beam, 
lascr-Doppler  anemometer.  Flow  visualization  by  coloured  dye  and  laser  induced  fluorescence. 

8.  Available  variables:  Mean  flow  profiles,  Reynolds  shear  stress,  -tin  ,  all  three  components  of  the  Reynolds  normal 
stresses  and  third  and  fourth  order  moments. 

9.  Storage  size  required  and  present  format  of  the  data:  43  Kbytes  ASCII  file. 

10.  Contact  person:  James  P.  Johnston,  Tlicrmoscicnces  Division,  Department  of  Mechanical  Engineering,  Stanford 
University,  Stanford,  California  94305-3030,  USA.  e.rnail:  johnston@vk.stanford.edu 
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TBL31:  Relaxing  Turbulent  Boundary  Layer 


Webster,  DeGraaff  &  Eaton 


1.  Description  of  the  How:  The  investigation  was  performed  in  a  low-speed  wind  tunnel  having  the  dimensions  given 
under  "Geometry”  below.  Since  the  flow  did  not  separate,  hot-wire  aneinomctry  was  sufficient  for  measurement 
of  the  mean  and  fluctuating  velocities.  Because  of  the  complex  velocity  profiles,  an  oil-film  technique  was  used  to 
measure  local  skin-friction.  The  uncertainly  in  the  measurements  is  acceptably  low  and  is  summarized  in  the  tabic. 
Measurements  were  made  at  three  momentum-thickness  Reynolds  numbers,  1500,  2500,  and  4000.  These  are  all 
in  the  "low  Reynolds  number"  range  (ie.,  below  5000)  but  also  thus  in  a  range  to  be  calculated  by  L.ES  without  an 
inordinate  demand  for  computer  resources.  The  results  cannot  be  directly  compared  to  other  experiments  because 
the  geometry  has  not  been  duplicated  elsewhere.  However,  the  characteristics  of  the  flow  have  been  examined  in 
the  light  of  other  work,  such  as  flow  over  a  convex  or  concave  curvature  and  found  to  be  consistent.  The  relative 
simplicity  of  tire  flow,  tire  low  measurement  uncertainties,  and  the  care  in  providing  details  needed  by  simulators 
invite  consideration  for  use  in  developing  LES  capabilities. 

2.  Geometry:  A  flat  plate  boundary  layer  over  a  faired,  two-dimensional  bump,  305  x  20  mm,  in  a  rectangular  test 
section  of  constant  cross-section,  152  x  7 1 1  mm. 

3.  Ske'  ■ 


Figure  I :  Sketch  of  test-section  anil  bump  geometry.  All  dimensions  in  nrm. 


4.  Flow  characteristics:  Two-dimensional,  incompressible,  turbulent  boundary  layer,  attached  flow  everywhere  over 
the  bunrp. 

5.  Flow  parameters:  Air  at  nominally  room  conditions;  Rq  =  1500,  250C,  4000 

6.  Inflow,  outflow  boundary  and  initial  conditions:  Inflow  was  standard  2-D  boundary  layer;  outflow  was  nearly 
standard  and  was  measured. 

7.  Measurement  procedures: 

(a)  Measured  quantities:  All  components  of  velocity  and  Reynolds  stress  (hot-wire),  wall-pressure,  and  skin 
friction  measured  using  an  oil  flow  fringe  imaging  technique. 

(b)  Measurement  errors:  3%  in  velocity;  5%  in  normal  and  10%  in  skew  components  of  Reynolds  stress;  5%  in 
skin  friction. 

(cl  Other  supporting  information: 
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8.  Available  variables:  Mean  velocity,  wall  pressure,  skin  friction;  all  Reynolds  stress  components. 

9.  Storage  size  required  and  present  format  of  the  data:  274Kbytcs  ASCIi  file. 

10.  Contact  person:  J.K.Eaton  Dcpartinent  of  Mechanical  Engineering,  Stanford  University,  Stanford,  California 
94305-3030,  USA.  e-mail:  caton@vk. Stanford. edit 
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Data  Sheets  for  : 

Chapter  8.  Complex  Flows 
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CMPOO:  Flow  in  a  square  duct  -  Experiments 

Yokosawa,  Fujita,  Hirota,  &  Iwata 


1.  Description  of  the  flow:  These  arc  the  experiments  of  Yokosawa  cl  al  (1989).  Air  was  blown  through  a  flow  meter 
and  a  settling  chamber  into  a  square  duct.  Measurements  were  performed  90  duct  widths  downstream  where  the 
flow  was  fully  developed. 

2.  Geometry:  Cross-section:  50mm  x  50 mm  x  4500mm,  Bellmoulh  nozzle,  6:1  contraction 

3.  Sketch: 


X3 


Figure  1 :  Geometry  and  coordinate  system  for  experiments  (from  Fig.  1  of  Yokosawa  et  al,  1 989). 

4.  Flow  characteristics:  The  fully  developed  flow  exhibits  axial  vortex  pairs  (crossflow)  in  each  corner.  Only  the  data 
for  the  case  of  all  four  walls  smooth  is  included  here. 

5.  Flow  parameters:  Reynolds  number:  UD/u  =  6.5  x  10';  It  is  the  bulk  vcloeily,  approximately  2lm/s;  D  is  the 
hydraulic  diameter.  Mean  velocity  al  the  duct  centre  approximately  25  m/s. 

6.  Inflow,  outflow,  boundary,  and  initial  conditions:  Uniform,  low- turbulence  flow  at  entrance;  flow  open  to  atmo¬ 
sphere  al  exit;  flow  judged  fully  developed  duct  flow  at  measurement  station. 

7.  Measurement  procedures: 

(a)  Measured  Quantities: 

Mean  primary  (low  velocity,  U\ 

Mean  secondary  flow  velocities,  t/2  and  t/3 
Mean  normal  stresses,  z  =  1,2,3 
Mean  turbulent  stresses,  uTwj  and  rTjT'jt 
Local  wall  shear  stress,  r„, 

(b)  Measurement  Uncertainties: 

Lri:  1.4%;  U-}.  and  L':i :  67< 
iTfiTy:  2.4%;  icnfl  andiLTiid;  H.bTi 
ujul  and  iTfuJ:  4.9% 


ca 


N 
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8.  Available  variables:  Quantities  described  above,  measured  in  a  quarter  section  of  the  duct. 

9.  Storage  Size  and  File  Format:  The  data  arc  contained  in  one  text  file  of  approximately  32KB.  They  arc  in  sets  of 
columns  with  a  descriptive  header  and  labels. 

10.  Contact  person:  Prof.  Masafumi  Hirotn 
Dept,  of  Mcch.  Engr. 

Nagoya  University 
Furo-cho,  Chikusa-ku 
Nagoya  464-01  Japan 
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CMP01:  Flow  in  a  square  duct  -  Simulation 

Husor  &  Biringen 


1.  Description  of  the  flow:  This  is  the  simulation  of  Huscr  &  Biringen  (1993).  Turbulent  flow  of  an  incompressible, 
constant  property  fluid  through  a  straight  square  duct  was  simulated  for  fully  developed  conditions  (no  further 
evolution  in  the  streamwise  direction).  Statistics  were  collected  after  the  simulation  reached  a  steady  stale. 

2.  Geometry:  The  computational  domain  dimensions  were  1  x  1  x  6.4.  Periodic  boundary  conditions  were  specified 
in  the  streamwise  direction, 

3.  Sketch: 


Figure  1:  Geometry  and  coordinate  system  (from  Fig.  1  of  Huscr  &  Biringen,  1993). 


4.  Flow  Characteristics:  The  secondary  flow  is  of  prime  importance  since  it  is  generated  solely  by  the  interaction 
ot  the  turbulent  stresses.  Thus  adequate  calculation  of  the  turbulence  is  crucial  to  an  accurate  overall  simulation  or 
modelling. 

5.  Flow  Parameters:  This  deceptively  simple  geometry  is  described  by  one  parameter  only,  the  Reynolds  number.  For 
the  simulation  presented  here,  the  Reynolds  number  based  on  the  mean  friction  velocity  and  duct  width  was  600. 

6.  Numerical  Methods  and  Resolution:  The  time-splitting  method  of  Lc  &  Moin  (1994)  was  used  to  advance  in  time. 
A  Lagrangian  polynomial  method  was  used  to  obtain  the  finite  differences  for  first  and  second  derivatives  in  the  wall- 
normal  direction  on  a  stretched,  staggered  grid.  Fifth  order  upwind-biased  differences  were  used  for  the  convective 
terms  in  all  three  directions.  This  will  introduce  artificial  dissipation,  which  may  affect  spectra  and  correlations,  but 
is  necessary  since  explicit  dealiasing  is  not  possible.  The  momentum  equations  were  solved  by  using  fourth-order 
central  differences  for  the  viscous  terms  in  the  wall-normal  direction.  The  pseudo-spectral  Fourier  method  was 
implemented  in  the  streamwise  direction  to  calculate  the  viscous  terms  and  to  solve  the  pseudo-pressure  equation. 
The  pseudo-pressure  equation  in  the  wall-normal  direction  was  discretized  by  fourth-order  central  differences.  The 
grid  for  the  results  presented  here  was  101  x  1 U 1  x  90. 

7.  Boundary  and  Initial  Conditions:  ' 

(a)  Domain  size  and  truncations:  Size:  1  x  1  x  6.4 

(b)  Boundary  conditions:  No  slip  on  the  walls,  periodic  in  the  streamwise  direction. 


(c)  In  let  or  initial  conditions:  The  calculations  began  with  a  laminar  How  perturbed  randomly,  then  run  until  a 
statistically  steady  state  was  obtained.  This  was  achieved  at  a  nondimensional  time,  based  on  friction  velocity 
and  duct  width,  of  60.  This  corresponds  to  a  flow  distance  of  about  1300  widths,  far  beyond  the  entrance 
length  in  experiments.  It  should  be  noted,  though,  that  this  is  achieved  at  constant  pressure  gradient  while 
experiments  arc  run  at  constant  mass  llux  The  latter  converge  much  faster  than  the  former  which  should 
therefore  he  evaluated  carefully  in  this  regard. 

8.  Averaging  Procedures  and  Uncertainties:  Long-time  statistics  were  obtained  by  averaging  the  flow  field  in  the 
homogeneous  direction,  over  the  four  quadrants,  and  in  time  for  a  nondimensional  time  duration  of  15.  A  fric¬ 
tion  factor  of  0.027  was  computed,  slightly  lower  than  0.030  of  experiments.  A  lower  resolution  simulation  was 
computed,  81  x  81  x  61,  which  gave  results  very  similar  to  those  included  here. 

9.  Available  Data:  The  data  in  this  database  arc  mean  strcnmwi.se  and  secondary  velocities,  all  three  components  of 
the  mean  vorlicily.  the  mean  pressure  and  all  the  components  of  the  mean  strain  rate  tensor;  all  the  components 
oT  tile  Reynolds  stress  tensor,  the  skewness  and  flatness  of  the  velocity  components,  the  pressure,  and  the  products 
d  velocity  components;  kinetic  energy,  dissipation  rate,  enslmphy.  and  streamwisc  vorlicily  budget  terms;  terms  of 
the  transport  equations  for  mean  streamwisc  and  transverse  velocities,  mean  streamwisc  and  transverse  velocities 
squared,  and  products  of  streamwisc  and  transverse  velocities. 

Full,  small-separation  correlation  functions  for  the  velocities  are  also  provided. 

10.  Storage  Size  and  File  Format:  The  data  arc  contained  in  twelve  text  files  totalling  approximately  6  Mb.  Each 
variable  is  presented  in  a  group  corresponding  to  a  value  in  the  first  group  which  is  the  distance  from  one  wall  and 
subsequent  groups  for  the  other  distances  from  the  wall  (5 1  groups  for  each  variable  corresponding  to  5 1  distances 
from  the  wall).  The  data  is  given  for  one  quadrant  of  the  duct  since  averages  were  taken  over  the  four  quadrants. 
The  correlations  arc  in  a  single  binary  tile  (with  header)  of  1 15  Mb. 

1 1.  Contact  Person:  Prof.  Sedal  Biringen 
Dept,  of  Aero.  Engr. 

Univ.  of  Colorado 
Boulder,  CO  H0309  USA 
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CMP10:  Flow  Around  A  Circular  Cylinder 

Cantwell  &  Coles 


1 .  Description  of  the  How:  This  is  the  experiment  of  Cantwell  &  Coles  ( 1983),  the  near  ■  ike  of  a  smooth  circular 
cylindei. 

2.  Geometry:  A  cylinder  2.97m  in  length  and  10.14  cm  in  diameter  was  mounted  in  a  wind  tunnel  test  section  of 
circular  cross-section.  Velocity  measurements  were  made  in  the  first  eight  diameters  downstream  in  the  wake. 

3.  Sketch: 


4.  Flow  characteristics:  The  flow  is  that  of  a  smooth  circular  cylinder  placed  normal  to  a  uniform  approaching  llow 
at  a  Reynolds  number  of  140.000.  This  is  large  enough  to  create  a  fully  turbulent  wake  hut  have  laminar  separation 
(subcritical)  which  generates  turbulent  vortices  in  a  nearly  periodic  fashion. 

5.  Flow  Parameters:  Reynolds  number:  UD/u  =  140,000;  U  is  the  free-streuni  velocity,  approximately  21.2 m/s: 
D  is  the  cylinder  diameter.  At  these  conditions  the  Strouhal  number,  fD/l '  -  0.179. 

6.  Inflow,  outflow,  boundary,  and  initial  conditions:  There  was  uniform,  low-turhulcncc  approach  flow;  the  test 
section  extended  beyond  the  measurement  range  (eight  diameters)  downstream.  The  test  section  was  10  feet  (3.05m) 
in  diameter.  There  were  end  p'ales  on  the  cylindei. 

7.  Measurement  procedures:  The  primary  instrument  was  a  hot-wire  probe,  cither  single  or  crosscd-wire,  mounted 
on  an  arm  rotating  at  a  high  speed  which  increases  the  relative  velocity  component  along  the  probe  axis  (a  "Hying 
hot-wire" ).  Thus  the  angle  of  the  velocity  vector  relative  to  the  probe  axis  remains  in  an  acceptable  range. 

The  hot-wire  signals  were  recorded  digitally  and  sampled  in  phase  with  the  vortex  shedding  delected  by  a  fast 
pressure  sensor  on  the  cylinder.  Ensemble  averages  of  the  data  thus  provide  a  "frozen"  field  of  velocity  as  a  function 
of  phase  angle.  Variations  from  these  averages  are  measures  of  the  turbulence  in  the  field,  also  a  function  of  phase 
angle. 

(a)  Measured  quantities: 

Mean  sireamwise  and  transverse  velocities:  U\  and  l’-> 

Mean  Products:  a pij,  t/fmj,  «i ti\ 

Third  and  fourth  powers:  u'j,  u:J,  «'{,  ul 
Inlcrinittency 

Maxima  and  minima  of  these  variables  for  each  prolile 

(b)  Measurement  Uncertainties: 

f'i  and  1% 

Products:  57! 

Third  and  fourth  powers:  25% 
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8.  Available  variables:  Quantities  described  above. 

9.  Storage  Size  and  File  Format:  Approximately  7.5  MB  of  dam  arc  stored  in  19  text  files.  They  arc  self-explanatory 
except  that  UfV  or  URFFjY,  where  /V  —  1 , 2. 3.  orl,  refers  to  (f  ^  oi 

10.  Contact  person:  Prof.  Brian  Cantwell 
Dept,  of  Aero,  and  Astro. 

Stanford  University 
Stanford,  CA  94305  USA 
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CMP20:  Flow  Around  A  Square  Cylinder 

Lyn,  Einav,  Rodi  &  Park 


I  Description  of  the  flow:  This  is  the  experiment  of  Lyn  &  Rodi  (1994)  and  Lyn  et  ah  (1995),  the  flow  around  a  long 
square  cylinder  mounted  transversely  to  an  oncoming  uniform  flow. 

2.  Geometry:  The  cylinder  was  40mm  in  width  and  392mm  long  mounted  in  the  rectangular  test  section  of  a  water 
channel  392mm  by  560mm  (blockage  7.1%).  Velocity  measurements  were  made  above  the  upper  surface  and  behind 
the  cylinder  up  to  eight  diameters  downstream. 

3.  Sketch: 
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4.  Flow  characteristics:  The  flow  is  around  a  long  square  cylinder  in  a  water  channel  at  Reynolds  number  uf  22,000. 
At  this  Reynolds  number  the  (low  is  approximately  periodic  with  a  Slrouhal  number  of  0. 133  -fc  0.004. 

5.  Flow  Parameters:  Reynolds  number:  UU/n  =  22,000;  U  is  the  free-stream  velocity,  approximately  0.54rn/s;  D 
is  the  cylinder  width,  40tntn.  At  these  conditions  the  Slrouhal  number,  /£>/{/  =  0.133. 

6.  Inflow,  outflow,  boundary,  and  initial  conditions:  The  approach  flow  three  cylinder  widths  upstream  had  a  turbu¬ 
lence  level  of  abc  jt  2%  and  a  centreline  mean  velocity  deficit  of  about  5  to  10%.  Though  measurements  of  mean 
velocity,  uT«r,  and  5Tui  are  available,  calculations  should  be  started  further  upstream  if  uniform  conditions  are 
desired. 

7.  Measurement  procedures:  The  data  arc  compilations  from  single-component  laser  Doppler  velocimetry  (LDV) 
and  two-component  LDV  experiments.  The  single-component  (streamwisc)  measurements  are  clustered  just  above 
the  upper  surface  of  the  cylinder  where  it  would  be  difficult  to  project  the  laser  beams  necessary  for  the  second 
component  of  velocity.  Bragg  cells  were  employed  to  provide  an  offset  frequency  necessary  to  capture  the  reversal 
of  flow  direction  in  regions  of  separation.  A  low-pass  filtered  pressure  signal  from  a  tap  on  the  cylinder  side-wall 
was  used  to  obtain  a  reference  phase  for  phase-averaging  flic  velocity  measurements.  Twenty  phase-bins  were  used. 

(a)  Measured  quantities: 

Mean  streamwisc  How  velocity,  (./j 
Mean  transverse  flow  velocity.  U-i 
Mean  normal  stresses,  uitif, 

Mean  turbulent  stress,  ujlqj 
Forward- flow-fraction  of  both  Ui  and  l/2 


•2  0  2  4  6  x/D  8 

Figure  1 :  Coordinate  system  and  location  of  measurement  points. 
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(b)  Measurement  Uncertainties: 

U i  and  U2  .  5%  of  approach  velocity 
irrit;  and  tr-jjTJ:  591 
Ui  ii  i  :  15  to  259b 

8.  Available  variables:  Quantities  described  above,  measured  in  the  upper  half  plane.  Measurement  locations  arc 
shown  in  the  figure  under  Sketch. 

9.  Stoiage  Size  and  File  Format:  The  data  is  stored  in  21  text  files  totalling  approximately  804  KU.  The  rust  20 
files  contain  data  from  each  of  20  phase  angles  during  a  period  of  the  vortex  shedding.  The  2 1  si  file  contains  data 
averaged  over  all  the  phases. 

10.  Contact  person:  Prof.  Wolfgang  Rodi 
Universitut  Karlsruhe 

Kaiserstr.  12 

D-761 28  Karlsruhe,  Germany 
e-mail:  rodi@bau  vcrni.uni-karlsruhc.de 
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CMP30:  Backward  Facing  Step  -  Simulation 


Le  &  Moin 


1.  Description  of  the  flow:  This  simulation  is  that  of  Lc  &  Moin  (1994)  matching  the  experiment  of  Jovic  &  Driver 
(1994),  (1995),  the  flow  of  a  fully  developed  turbulent  boundary  layer  over  a  backward  facing  step,  Before  the  step 
there  is  a  short  entry  region  over  which  the  boundary  layer  develops.  Beyond  the  step,  there  is  a  long  recovery  region 
before  the  flow  exits  the  domain. 

2.  Geometry:  The  computational  domain  is  shown  in  the  sketch.  For  the  simulation  included  here,  the  various  di¬ 
mensions  shown  on  the  sketch  are  given  by  L,  —  1(1  ft,  Lx  —  30ft,  Lv  =  6 ft,  Lz  =  4/t.  The  expansion  ratio  is 
1.2. 


3.  Sketch:  (See  sketch  under  experiment  of  Jovic  and  Driver,  CMP3 1 .) 

4.  Flow  Characteristics:  The  backstep  flow  results  in  separation  of  the  turbulent  boundary  layer  as  it  flows  over 
the  step  followed  by  a  recirculation  zone  under  the  separated  boundary  layer.  The  boundary  layer  reattaches  at  a 
mean  distance  down-stream  of  the  step  of  6.28ft.  In  the  separated  region,  there  is  a  free  shear  layer  separating  the 
recirculation  region  from  the  rest  of  the  flow.  This  free  shear  layer  exhibits  many  of  the  features  of  a  mixing  layer. 

5.  Flow  Parameters:  There  are  two  relevant  flow  parameters  in  this  flow.  One  is  the  Reynolds  number  Re /,  —  5100, 
which  is  based  on  the  inlet  mean  velocity  at  the  upper  (no-stress)  boundary  and  the  step  height  ft.  The  other  is 
the  ratio  of  the  inlet  boundary  layer  thickness  to  the  step  height  8/h  =  1.2,  where  6  is  the  99%  thickness.  The 
inlet  boundary  layer  (statistics  taken  from  the  DNS  of  Spalart  [4])  thus  had  a  Reynolds  number  Res  -  6100,  a 
displacement  thickness  Reynolds  number  Re'  =  1000,  and  a  momentum  thickness  Reynolds  number  Re.0  -  670. 

6.  Numerical  Methods  and  Resolution:  The  numerical  method  used  in  the  simulations  is  a  second-order  staggered 
grid  finite  difference  method.  It  is  described  in  detail,  along  with  the  code  implementing  it  in  Le  &  Moin  [I],  The 
grid  spacing  in  the  streamwisc  and  spanwise  directions  was  uniform  with  768  and  64  grid  points  respectively.  In 
the  wall-normal  direction  193  grid  points  were  used.  They  are  distributed  nonuniformly,  according  to  the  following 
mapping: 


1  _  tanli  7i  -Q 
tanh7i0i 


ft  +  A'2(Vj2  -  v) 


_  tanh72(V'z  -  O' 
tanh^V'a 


0  <  £  <  v 

V<$<Ly 


where  Lv  =  6 ft,  r)/h  =  2.1875,  Vft/ft  =  1.1.  7i  =  2.2.  if^Jh 
point  in  £  then  results  in  the  desired  point  distribution  in  y. 


6,  72  =  0.7963.  A  uniform  distribution  of  grid 


7.  Boundary  and  Initial  Conditions:  In  the  spanwise  direction,  periodic  boundary  conditions  are  used,  and  the  lower 
boundaries  (inlet  and  recovery  sections,  step  face)  are  no-slip  walls.  The  upper  boundary  is  a  no-stress  boundary, 
with  the  streamwise,  normal  and  spanwise  velocities  (u,  v  and  w  respectively)  satisfying 

,  d-u  dvj 

v  —  0  and  7—  =  —  =  0. 

Oy  Oy 


Since  the  flow  is  statistically  stationary,  the  initial  conditions  arc  not  relevant.  However,  the  inflow  conditions  are 
very  important.  Inflow  conditions  were  generated  as  a  random  process  designed  to  match  the  spectra  and  Reynolds 
stresses  of  the  boundary  layer  DNS  of  Spalart  (1988),  The  technique  is  described  in  detail  in  Le  &  Moin  (1994). 

The  outflow  boundary  condition  is  given  by 

du  _  du 
~0t  ~  Urdt’ 

where  Uc  is  the  convection  velocity,  which  is  independent  of  y  and  z  and  is  selected  to  balance  the  mass  flow  at  the 
inlet. 


^  ••  - 


8.  Averaging  Procedures  and  Uncertainties:  All  the  data  provided  f  rom  these  simulations  arc  obtained  by  computing 
the  appropriate  quantities  from  the  simulated  velocity  fields  and  averaging  in  the  homogeneous  spatial  direction,  z, 
and  time.  The  averages  in  time  are  taken  over  a  period  of  approximately  10? )h/l’u.  where  U0  is  the  velocity  at  the 
upper  (no  stress)  boundary. 

There  arc  three  potential  sources  of  uncertainty  in  this  data  Firs'  are  (he  numerical  discretization  errors  introduced 
in  the  numerical  simulation.  The  numerical  method  is  a  second  or  t  finite  difference.  Further,  due  to  computer  time 
and  memory  restrictions,  the  grid  resolution  was  limited,  especia  !y  in  the  spanwisc  direction.  The  consequences 
of  this  arc  discussed  in  Chapter  5.  The  second  uncertainly  is  stali:  ical.  which  arises  from  computing  the  averages 
over  a  finite  domain  size  and  a  finite  time.  The  third  source  of  uncertainty  is  due  to  the  finite  domain  size  of  the 
numerical  simulation.  However,  if  an  LES  is  done  in  the  same  domain  with  the  same  boundary  conditions,  then  a 
comparison  can  be  made  without  error  due  to  the  domain  size.  A  related  issue  is  the  effect  of  the  artificial  inlet  (and 
outlet)  conditions,  which  is  also  discussed  in  Chapters. 

9.  Available  Data:  Provided  are  the  mean  velocities,  nontrivial  components  of  the  Reynolds  stress  tensor  and  pressure 
variance  as  a  function  of  x  and  y.  Note  that  all  of  these  data  arc  computed  from  unfillcred  velocity  fields,  so  care 
must  be  exercised  when  comparing  these  data  directly  to  LES  results.  Finally,  the  small  separation  velocity  velocity 
two-point  correlations  required  to  compute  filleted  versions  of  the  second  order  statistical  profiles  as  described  in 
Chapter  2  are  provided  for  several  ^-locations. 

10.  Storage  Size  and  File  Format:  The  dala  is  provided  in  a  total  of  7  binary  files,  one  for  the  one  point  statistics 
and  one  each  for  the  6  ^-locations  at  which  the  small  separation  two-point  correlation  is  provided.  Total  storage  is 
approximalcly  56  Mb. 

11.  Contact  person: 

Prof.  Robert  Moser 

Dept,  of  Theor.  Appl.  Mcch. 

University  of  Illinois,  Urbana-Cliumpaign 
Urbana,  IL  61801  USA 
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Jovic,  S.,  AND  Driver.  D.  1995  Reynolds  Number  Effect  on  the  Skin  Friction  in  Separated  Flows  Behind  a  Backward- 
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Sfalart,  P.R.  1988  Direct  simulation  of  a  turbulent  boundary  layer  up  to  7?(i  =  1410.  J.  Fluid  Meclt.  187,61. 

(Also  see  CMP31.) 
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CMP31:  Backward  Facing  Step  -  Experiment 

Jovic  &  Driver 


1.  Description  of  the  flow:  This  is  the  experiment  of  Jovic  &  Driver  (1994);  1995),  the  flow  of  a  fully  developed 
turbulent  boundary  layer  over  a  backward  facing  step.  The  approaching  boundary  layer  was  at  a  Reynolds  number 
R0  =  610. 

2.  Geometry:  The  flow  is  that  of  a  boundary  layer  passing  over  a  backstep  in  the  wall.  The  test  section  is  symmetrical 
in  that  a  mirror  image  boundary  layer  and  backstep  is  located  on  the  wall  opposite  that  tested  (see  figure),  forming  a 
double-sided  expansion.  The  channel  height  upstream  is  96mm  and  downstream  1 15mm.  The  channel  aspect  ratio 
was  3 1  to  avoid  3D  effects. 

3.  Sketch: 


Flow  conditioners 


i 


i 


Figure  I:  Geometr  y  of  experimental  setup  (From  Jovic  &  Driver,  1994). 

4.  Flow  characteristics:  A  wind  tunnel  with  the  fan  at  the  exit  was  used  to  generate  a  fully  developed  turbulent 
boundary  layer  over  a  flat  plate  to  a  backward  facing  step.  The  opposite  wall  was  a  mirror  image  plate  and  step  to 
form  a  plane  of  symmetry  at  the  tunnel  centreline  and  an  expansion  ratio  of  1 .2. 

5.  Flow  Parameters:  Reynolds  number:  Uhjv  —  5000;  U  is  the  centreline  velocity  ahead  of  the  step,  approximately 
7.7m/s;  li  is  the  step  height. 

Boundary  layer  ahead  of  step;  ^  =  1 1 .5 mm;  <5*  =  1.7mm:  9  =  1.2mm;  H  =  1.45;  Cj  =  0.0049;  Ro  =  CIO. 

6.  Inflow,  outflow,  boundary,  and  initial  conditions:  Boundary  layer  developing  along  a  straight  duct;  profiles  mea¬ 
sured.  Outflow:  At  end  of  long  straight  duel  after  step. 

7.  Measurement  procedures: 

(a)  Measured  quantities: 

Instrumentation:  L.DV  with  frequency  shifting  for  directional  resolution;  laser-interferometer  for  oil-flow  mea¬ 
surement  of  skin  friction  (see  sketch);  surface  pressure  taps. 

Mean  flow  velocities,  U\  and  U-> 

Mean  normal  stresses,  unTf.  u-jri; 

Mean  turbulent  stress.  tTf S3 


m 
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Local  wall  shear  stress,  ru, 
Surface  pressures 


(b)  Measurement  Uncertainties: 

Mean  velocities:  2% 

Reynolds  stresses:  15% 

Pressure  coefficient:  0.0005 

8.  Available  variables:  The  above  quantities  averaged  over  time. 

9.  Storage  Size  and  File  Format:  Approximately  7  KB  of  lime-averaged  data  arc  stored  in  one  text  file. 

10.  Contact  person:  David  Driver 
NASA  Ames  Research  Center 
Moffett  Field,  CA  94035 
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CMP32:  Backward  Facing  Step  -  Experiment 

Driver  &  Sccgmiller 


1.  Description  of  the  flow:  This  is  the  experiment  of  Driver  and  Seegmillcr  (1985),  a  fully  developed  turbulent 
boundary  layer  over  a  flat  plate  and  a  backward  facing  step. 

2.  Geometry:  The  flow  is  that  of  a  high  Reynolds  number  boundary  layer  passing  over  a  backstep  in  the  wall  of  height, 
h,  12.7mm  forming  an  expansion  ratio  of  1.125.  The  channel  height  upstream  is  8h,  and  the  channel  width  is  12h. 
The  wall  opposite  the  step  was  either  parallel  to  the  wall  with  the  step  or  diverging  at  6  deg.  Only  the  data  from  the 
straight  wall  case  is  included  here. 

3.  Original  Sketch: 


°REF  1  /CORNER  EDDY 


Figure  1:  Geometry  of  experimental  setup  (from  Driver  &  Seegmillcr,  1985). 

4.  Flow  characteristics:  A  low  speed  wind  tunnel  was  used  to  generate  a  fully  developed  turbulent  boundary  layer 
over  a  flat  plate  and  a  backward  facing  stop.  The  opposite  wall  was  either  parallel  to  the  boundary  layer  wall  (data 
reported  here)  or  diverging  at  6  dog  beginning  at  a  point  opposite  the  step  (data  not  reported  here).  The  approaching 
boundary  layer  was  at  a  Reynolds  number  Ro  —  0000  and  Mach  number  of  0.128. 

5.  Flow  Parameters:  Reynolds  number:  Uh/v  =  37500;  U  is  the  centreline  velocity  ahead  of  the  step,  approximately 
44.2  m/s;  h  is  the  step  height. 

Boundary  layer  4h  upstream  of  step:  5  =  19mm;  <5*  =  2.7mm;  6  —  1.9 mm;  H  -  1.42;  Cj  =  0.0029 

6.  Inflow,  outflow,  boundary,  and  initial  conditions;  Inflow:  Boundary  layer  developing  along  a  straight  duct;  pro¬ 
files  measured.  Outflow:  At  end  of  long  straight  duct  after  step. 

7.  Measurement  procedures: 

(a)  Measured  quantities: 

Instrumentation;  LDV  with  frequency  shifting  for  directional  resolution;  laser-interferometer  for  oil-flow  mea¬ 
surement  of  skin  friction;  surface  pressure  taps. 

Mean  flow  velocities,  L\  and  U? 

Mean  normal  stresses,  irfu7,u2i<2 
Mean  turbulent  stress,  uJWJ 
Local  wall  shear  stress,  ru. 

Surface  pressures 

(b)  Measurement  Uncertainties: 


Mean  velocities:  1,5% 
Reynolds  stresses:  12% 
Pressure  coefficient:  0.0002 


8.  Available  variables:  The  above  quantities  measured  in  profiles  along  the  duel. 

9.  Storage  Size  and  File  Format;  Approximately  10  KB  of  lime-averaged  data  are  stored  in  one  text  file. 

0.  Contact  person:  David  Driver 
NASA  Ames  Research  Center 
Moffett  Field,  CA  94035 
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